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PREFACE 


The  AGARD  Working  Group  on  "V/STOL  Displays  for  Approach  and  Landing"  jointly  sponsored  by  the 
Avionics  Panel,  Aerospace  Medical  Panel  and  Flight  riochanics  Panel  of  AGARD  has  cade  an  attempt  to  gather 
information  relevant  to  this  study,  to  discuss  this  with  experts  from  various  NATO  countries  in  the  light 
of  the  disciplines  represented  by  the  three  Panels  and  to  draw  general  conclusions  with  respect  to  the 
man-machine  exchange  of  information  in  V/STOL  aircraft.  A  great  amount  of  attention  was  devoted  to  the 
problems  of  V/STOL  aircraft  operation  and  to  the  question  of  optimal  combination  of  automatic  and  manual 
aircraft  control  with  particular  respect  to  the  role  of  the  displays.  Discussion  vis  restricted  to  the 
more  realistic  and  promising  possibilities  rather  than  discussing  the  many  theoretically  possible  cases 
of  V/STOL  aircraft  development  and  operation.  This  presented  a  particular  difficulty  since  V/STOL  tech¬ 
niques  are  still  in  an  early  stage  of  development  even  for  one  V/STOL  aircraft  (the  Harrier)  brought  into 
squadron  service  some  time  ago.  However,  the  background  of  experience  of  the  Working  Group  members  -  Air¬ 
craft  System  Engineering,  Display  Engineering,  Flight  Testing,  Human  Factor  Research  and  Human  Engineering 
contributed  to  the  interdisciplinary  type  of  work  to  be  done,  which  sometimes,  however,  had  to  be  con¬ 
fined  to  assessment.  It  is  hoped  that  the  results  of  this  study  will  support  the  activities  of  the  three 
sponsoring  Panels  in  the  field  of  V/STOL  techniques  and  assist  future  research  and  development  in  this 
area. 
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1.  DEFINITIONS 

ADI 

AFCS 

CRT 

CTOL 

Director  Display 
Flight  Path  Error 
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|?HOV 
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Horizontal  Display 
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HSI 
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Quickened  Display 
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SAS 

Situation  Display 
Vertical  Display 


V 

S 

VHC 

VSD 

VSI 

V/STOL 
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c 

X 
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* 

i 


-  Attitude  Director  Indicator 

-  Autooatic  Flight  Control  System 

-  Constants 

-  Cathode  Ray  Tube 

-  Conventional  Take-off  and  Landing 

-  Presentation  of  a  computed  coomand 

-  Deviation  of  the  aircraft  from  a  preselected  flight  path 

-  Height 

-  Desired  Hover  Height 

-  Vertical  Velocity 

-  Presentation  of  x-y  plane  related  information  such  as  position, 
track,  ground  speed  etc. 

-  Horizontal  Situation  Display 

-  Horizontal  Situation  Indicator 

-  Instrument  Meteorological  Conditions 

-  Presentation  of  a  signal  containing  status,  rate  and  acceleration 
components 

-  Range 

-  Stability  Augmentation  System 

-  Presentation  of  a  status 

-  Presentation  of  y-z  plane  information  such  as  height,  bank,  vertical 
velocity  and  related  information  such  as  pitch  and  incidence 

-  Ground  Speed 

-  Visual  Meteorological  Conditions 

-  Vertical  Situation  Display 

-  Vertical  Situation  Indicator 

-  Vertical/Shart  Take-off  and  Landing 

-  Pilot's  Control  Output 

-  Error 

-  Position  of  a  Display  Element 

-  Bank  Angle 

-  Rate  of  Bank 

-  Heading 

-  Rate  of  Turn 

-  Demanded  Heading 


2.  INTRODUCTION 

One  of  the  attractions  of  the  V/STOL  aircraft  for  teilitary  application  is  its  ability  to 
operate  into  and  out  of  tactical  sites  which  any  be  remote  from  conventional  airfields.  Typical  of  such 
sites  for  VTOL  aircraft  might  be  a  “hole  in  the  wood", a  restricted  clearing  surrounded  perhaps  by  high 
obstacles.  Operational  studies  have  emphasised  tha  sensitivity  of  effectiveness  to  detection  rate  when 
operating  in  forvard  araas  and  this  in  turn  vili  force  the  use  of  such  restricted  site*.  Indeed,  the  more 
high  obstacles  around,  the  better  from  this  point  of  view. 

That  current  V/STOL  aircraft  can  operate  into  such  clearings  by  day  in  clear  weather  has  been 
demonstrated  frequently  and  although  the  restrictions  on  flight  path  isposed  by  the  surrounding  obstacles 
nay  require  careful  flying,  one  does  not  encounter  insurmountable  difficulties, 

Hovevar,  to  be  able  to  operate  only  by  day  in  clear  veather  is  in  the  long  run  almost  certain¬ 
ly  unacceptable  to  military  users  and  it  is  an  unfortunate  fact  that  no  trua  VTOL  aircraft  has  an  effec¬ 
tive  poor  weather  capability,  particularly  into  restricted  sites.at  the  present  tins.  It  is  ironic  that 
while  the  above  statement  is  true,  thebe  is  a  generally  held  opinion  that  operation  of  VTOL  aircraft  under 
poor  weather  conditions  should  be  fundamentally  more  safe  than  CTOL  aircraft  by  virtue  of  the  former's 
ability  to  fly  slowly  and  atop  if  necessary.  The  apparent  conflict  between  these  two  statements  coases 
fro*  the  present  state  of  development  of  the  vehicle  as  a  stable  flying  machine  and  the  confidence  with 
which  the  pilot  can  handle  it  under  difficult  conditions.  In  addition,  if  the  approach  manoeuvre  it  con¬ 
strained  in  time  by  fuel  cooeusption  rate*  or  the  need  to  minimis*  exposure,  then  there  is  a  further 
pressure  on  the  pilot  forcing  hin  to  abandon  a  cautious  itop-and-go  approach.  There  is,  in  fact,  a  basic 
need  for  a  eyites  which  will  permit  smooth,  economic  approaches  to  be  made  to  a  near-hover  point  a  short 
distance  fro*  the  landing  site,  at  a  low  but  safe  height  and  preferably  with  the  vehicle  pointing  towards 
the  site. 
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The  need  for  study  of  approach  techniques  was  recognised  by  AGARD  in  1963  when  the  Avionics 
and  Flight  Mechanics  Panels  jointly  established  a  Working  Group  to  look  into  V/STOL  Landing  systems.  The 
findings  of  this  group  were  presented  in  AGARD  VLS/65  (Ref.  5)  which,  while  recoemending  that  the  pilot's  task 
should  be  kept  as  simple  as  possible  and  expressing  a  preference  for  an  approach  where  only  one  part®* ter 
was  changed  at  a  time  (stepped  approach)  did  not  go  into  the  details  of  the  practicality  of  providing 
approach  and  landing  guidance  systems.  Accordingly  a  second  Working  Group  was  set  up  in  1965  to  study 
these  aspects  and  their  work  is  reported  in  AGARD  Report  560  (Ref.  1). 

While  the  study  reported  in  Reference  1  concentrated  its  expertise  on  the  ground  aids  that 
may  be  used,  it  fully  recognised  the  existence  of  shortcomings  in  the  display  of  information  to  the  pilot. 

The  following  paragraphs  quoted  in  extenso  put  the  problem: 

"Para  4.2.  It  is  generally  agreed  that  existing  displays  are  mainly  inadequate  for  V/STOL 
instrus,unt  flight  and  that  new  displays  aro  required.  This  is  especially  true  for  zero-zero 
visibility  and  is  true  for  weather  minima  of  200  ft  and  1/2  mile  visibility  to  a  degree 
dependent  principally  on  the  steepness  of  approach  and  extent  of  speed  transition  which 
has  to  be  performed. 

In  spite  of  the  many  studies  that  are  being  carried  out  on  new  types  of  display  there  is 
limited  knowledge  on  the  manner  in  which  information  is  best  displayed  to  the  pilot. 

Para  5.4.  It  is  believed  that  there  has  been  sufficient  interest  and  progress  in  the 

development  of  instrument  displays  to  marit  review  by  an  AGARD  working  group  -  the 

formulation  of  guidelines  for  instrument  displays  should  assist  in  coordinating  the 
various  centres  of  activity  on  this  subject." 

It  was  decided  between  the  Avionics,  Flight  Mechanics  and  Aerospace  Medical  Panels  that  this 
recommendation  should  be  followed  up  by  the  formation  of  a  small  inter-panel  and  inter-disciplinary  group 
drawn  from  Canada,  Franca ,  Germany,  the  Netherlands,  the  UK  and  the  USA. 

The  terras  of  reference  for  the  group  were  agreed  as  follows: 

a)  To  study  the  requirements  for  displays  to  assist  the  pilot  during  approach  and  landing 
of  V/STOL  aircraft  (including  helicopters)  in  the  light  of  AGARD  Reports  VLS/65  and  560. 

b)  To  define  the  principal  objectives  in  designing  an  instrument  display  for  V/STOL  ve¬ 
hicles  in  the  approach  and  landing  phase  (including  conventional  operation)  both  in 
IFR  and  VFR  conditions . 

c)  To  survey  the  present  state  of  display  techniques  and  development  trends. 

d)  To  state  whether  current  researcn  and  development  is  correctly  oriented  to  achieve  the 
aims  defined  in  (b)  above  and  to  advise  on  whether  increased  development  effort  on  dis¬ 
plays  is  required  in  any  area. 

e)  To  prepare,  in  addition  to  a  Technical  Report,  an  Advisory  Report  for  the  Military 
Committee  of  NATO. 

"ha  Working  Group  mat  six  times,  once  each  in  the  Netherlands,  North  America,  the  UK,  Germany  and 
...  ,  In  Franc*-,  and  consulted  personnel  from  both  research  establishments  and  industrial  organisations.  They 
were  assisted  ».<  this  work  by  an  extensive  preliminary  survey  carried  out  by  the  Technical  Secretary,  be¬ 
fore  the  group  was  convened,  in  which  he  reviewed  some  relevant  activities  in  tho  various  participating 
countries.  He  found  that  a  very  considerable  amount  of  work  was  boing  conducted  in  the  broad  field  of  air¬ 
craft  displays  but  very  little  of  it  wae  aimed  specifically  at  the  V/STOL  case.  Also,  work  appeared  to  be 
directed  core  to  short  term  solutions  for  specific  aircraft  than  to  establishing  fundamental  ruquirerasnts 
(ie  it  was  resulting  in  empirical  solutions  rather  than  an  understanding  of  underlying  principles).  Again, 
for  general  application,  there  was  a  lot  of  work  being  carried  out  on  novel  display  techniques  and,  in 
general,  these  seemed  adequate  to  meet  any  special  V/STOL  requireraents .  This  is  not  to  say  that  further 
advances  in  engineering  techniquas  are  not  desirable;  brightness,  contrast,  colour,  size  and  cost  could 
all  be  improved  but  there  are  no  peculiarly  V/STOL  aspects  that  would  force  development  along  any  parti¬ 
cular  path. 


The  Technical  Secretary's  report  shoved  that  among  those  surveyed  there  was  a  coneensue  of 
opinion  in  favour  of  future  work  having  the  following  order  of  priorities: 


1.  Syateras  Theory  and  Design  -  Analysis  and  integration  of  subsystems  such  at  stability 

augmentation  system,  pilot,  display  etc.  with  respect  to 
the  environraent  and  to  the  mission 


2.  Kuraan  F actors  and  Huran 
Engineering  Research 


-  retensina’-lon  of  the  pilot's  response  characteristics  and 
their  application  to  display  dosign 


3.  Opera t  too  -  Accumulation  of  flight  experience  and  development  of  practi¬ 

cable  flight  procedures 

4.  Technology  -  Developraent  of  the  engineering  ability  to  produce  a  display 

In  its  subaaquent  studiss  th«  Working  Group  has  attsapted  to  follow  thess  priorities.  The  re¬ 
sult  i*  this  report,  which  does  not  dictate  exactly  how  such  displays  should  look.  It  is  hoped,  however, 
that  the  report  will  be  of  benefit  to  those  who  have  to  design  V/STOL  displays  in  the  future. 
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. .  Finally ,  this  report  indicates  a  number  of  areas  where  further  research  is  needed .  or  where 

individTT  reS!Th  !ff°ru  needS  increasin8-  Future  action  along  these  lines  is,  of  course,  a  matter  for 
national' l nn “v  bUt  9xlstence  of  a  central  statement  of  need  could  contribute  greatly  to  inter- 

the^e  lines  Sirbe  LerbvethS  ^'latePa\or  “ulti-lateral  in  nature.  Fecomendations  alcng 

of  refinance  8  P  t0  NAT0  MUitary  Comittee  'in- the  discharge  of  its  terms 


3.  GENERAL  CONSIDERATIONS 

Th!  de?ign  aad  development  of  display  systems  for  V/STOL  aircraft  terminal  area  operations 
X  ionr-i  ^10n  of  many  factors  outside  the  display  technology  field.  As  a  mining,  these  con-  : 

"ld  operational  factors,  ground  environment,  vehicle  configuration,  terminal  area  flight 

of  the XbliiX  reqUrreltS  aud  u-l0t  factors*  11118  motion  of  the  report  will  discuss  these  aspects 
or  the  problem  as  viewed  by  this  Working  Group .  y 

3.1  Operational  Factors  and  Ground  Environment 

Operational  requirements  are  generally  a  function  of  the  mission,  role  and  class  (ie  fichter 
transport)  of  the  aircraft.  All  tactical  military  air.-.raft,  however,  should  be  capable  of  operatingSunder 
adverse  weather  conditions  to  be  truly  effective.  The  operational  effectiveness  of  V/STOL  tactica/aircraft 
will  verv^°kg^y  lnflue8ced  by  w®fther  conditions  due.  to  the  nature  of  their  operational  employment .  They 
havln  }  ,ely  be  d®ployed  1°  dispersed  sites  and/or  operated  into,  and  out  of,  remote  forward  sites 
having  a  minimum  complement  of  ground  aids  to  assist  in  conditions  of  low  visibility.  Weather  criteria 
operatlons  My  be  different  frero  those  for  main  base  operations.  Under  combat  conditions 
adequate  visual  cues  can  not  necessarily  be  assumed  following  breakout  through  cloud  cover  nor  will  the 
pilot  have  high  intensity  lights,  runway  markings  or  runway  contrast  with  surrounding  terrain  available 

hls  desired  dauding  point .  Landing  sites  may  be  camouflaged  and  operatingSunder  black¬ 
out  conditions.  Approaches  may  have  to  be  made  over  enemy  controlled  territory  and  unfamiliar  terrain.  As 

l  ?  t  ^le  t0.fly  under  instru,Dent  conditions  throughout  almost  the  entire  approach 

profile  to  exploit  fully  the  operational  advantages  of  V/STOL  tactical  aircraft.'  "  ' 

The  nature  of  the  operational  employment  of  V/STOL  tactical  aircraft  will  also  significantly 
influence  the  mission-related  avion.es  equipment  which  will  vary  widely  from  austere  to  highly  sophisti¬ 
cated  depending  upon  the  aircraft's  role.  Maximum  utilization  of  this  equipment  to  accomplish  terminal 
area  and  IMG  operations  is  necessary  to  minimize  the  additional  cost  and  weight  of  special  purpose  expo¬ 
nents  and  systems.  The  level  of  maintenance  support  available  at  forward  and  remote  operating  sites  will 
imposa  higher  system  reliability  requirements  than  would  normally  bo  required  for  main-base  operations 

V/STOLftacticaimaircr^ftth°  006(1  ^  0aSUy  "aintained*  highly  reliable  avionics  and  display  systems  for 

3.2  Vehicle  Configuration 

.  .  ,hs™  «re  currently  many  V/STOL  airframe-propulsion  configurations  in  various  stages  of  develop¬ 

ment  and  production.  These  configurations  include  rotary  wing,  lift  fan,  lift  jets  and  many  others.  The 
primary  emphasis  of  this  Working  Group's  activities  lias  been  concerned  with  aircraft  having  an  inherent 
capability  to  hover  and  manoeuvre  at  low  speed,  since  this  is  a  limiting  design  case.  STOL  aircraft  carry¬ 
ing  out  steep  approaches  come  somewhere  in  between  VTOL  and  conventional  aircraft  in  terns  of  system  design 
requirements  for  terminal  area  operations.  The  reason  STOL  aircraft  are  flown  at  low  airspeeds  on  approach 
is  to  keep  the  touchdown  velocity  low  and,  hence,  the  ground  roll  short.  As  a  consequence  of  thaso  low 
speeds,  natural  aerodynamic  damping  of  body  axis  movements  is  reduced  and  the  effects  of  wind  shear  gusts 
Swift!  U  b*COa°  m0rB  Pr°n0lmCed  in  th*  final  «PPT<*<*  «d  landing  phase  than  for  conventional 


In  terms  of  display  system  design,  vehicle  configuration  primarily  affects  the  information 
requirements  necessary  to  control  flight  path,  configuration  changes  and  the  propulsion  system.  In  air- 
craft  in  which  configuration  changes  or  modulation  of  the  propulsion  system  are  used  to  achieve  direct 
lltt  control,  operation  of  these  functions  becomes  a  primary,  rather  than  «  secondary,  control  task  end 

lXXlTlu  acc0rdin8ly  ln  t!l0  dosign  of  the  display  system.  This  impacts  on  fail-safety  requirements . 
location  of  display  elements,  and  the  integration  of  the  display  of  these  control  functions  with  other 
primary  control  functions  -  particularly  in  command  or  director  display  modes. 

3.3  Terminal  Area  Flight  Profiles 


..  Flexlbidlly  i*  «»»  key  to  conducting  tactical  V/STOL  terminal  area  operations  under  th.  con- 
ditions  discussed  above.  The  capability  to  hover  aivd  manoeuvre  at  low  speeds  provides  this  needed  floxi- 
bility  in  establishing  terminal  area  flight  profiles.  Under  INC  conditions,  the  pilot  is  no  longer  rm- 
stricted  to  flying  fixed  paths  through  space  based  on  runway  headings,  but  rather  he  can  establish  h<a 
XmX"8  Pr°fU?  ^B9d ,°"  a  knoul«dgc  of  aircraft  limitations,  tactical  and  environmental  conditions 
and  h  s  present  Potion  with  respect  to  the  desired  landing  point.  Given  adequate  airoraft  characteristics 
this  inherent  capability  to  perform  steep,  curved,  decelerating  and  omni-directional  approachea  is  depen¬ 
dent  ,  nevertheless,  upon  the  pilot  having  appropriate  information  displayed  in  a  manner  that  aUovs  him  to 
perform  those  manoeuvres  with  confidence.  Pilot  confidence  is  probably  the  most  important  eingla  factor  ‘ 
in  achieving  operational  all-v«ath®r  landing. 

,  ,  .  .  '?urran*  P110*,1"*  techniques  during  instrument  flight  conditions  require  long  straight  approaches 

r  cquisition  and  tracking,  and  are  time  consuming,  fuel  consumption  data  from  trials  with  the  P  1127  for 
several  types  of  instrument  approaches  from  just  prior  to  acquisition  of  glide  path,  to  touchdown,  are 
compared  in  Fig.  1  (Ret.  2)  with  a  visual,  turning  approach  to  a  vertical  landing.  It  can  be  seen  that 
there  is  a  significant  saving  in  time  and  fuel  for  the  visual  approach  compared  to  the  simulated  instrument 

!USl  *nd  rainlnil*  c*P°»ur«  time  in  V/STOL  operations,  IKC  landing  profiles  similar 
to  those  illustrated  as  future  procedures  in  Tig.  2  (.Ref,  2)  must  become  operationally  feasible.  In  VLS/&S 
it  was  assumed  that  the  glide  path  would  be  a  straight  line  both  in  the  vertical  and  horizontal  plane  during 
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■  the  Instrument  final  approach.  However,  even  in  1964, there  was  evidence  that  future  requirements  night 
include  the  capability  to  fly  a  fcurved  path  in  both  dimensions.  Therefore  VLS/65  recommended : 

"A  system  which  provides  the  aircraft  with  continuous  three-dimensional  information 
.  concerning  the  aircraft  location,  associated  with  an  airborne  computer  which  can  be 
programmed  for  any  desired  flight  path,  would  he  preferable  to  a  system  providing  a 
rigid  glide  path." 

.  Given  such  a  guidance  system  the  display  requirements  to  achieve  versatile  VXC  type  profiles 

under  IMC  conditions,  indeed,  are  not  readily  apparent,  but  the  discussion  and  analysis  of  later  chapters 
attempts  to  shed  some  light  on  these  requirements.' 

3.4  Guidance  Requirements 

Information  requirements  for  V/STOL  approach  and  landing  are  discussed  in  Chapter  5  of  this 
report.  Some  consent  i*  in  order,  however,  on  guidance  concepts  which  may  be  employed  to  satisfy  those 
information  requirements.  The  location  and  tactical  environment  of  many  V/STOL  operational  sites  may  pre¬ 
clude  the  installation  'of  large,  permanent  ground  guidance  systems  and  the  alternative,  of  installing 
sophisticated  airborne  guidance  systems  in  all  aircraft,  is  extremely  expensive  and  imposes  additional 
.  power,  weight  and  maintenance  requirements. 

Sub  Group  T  of  the  NATO  Air  Forces  Armament  Group  (NAFAG)  is  reviewing  military  requirements 
for  tactical  ground  guidance  systems  and  is  conducting  evaluation  tests  on  several  portable  light  weight 
systems  which  are  being  developed  by  several  manufacturers  in  the  United  States,  Great  Britain,  Germany 
and  France.  These  include  KADGE ,  SETAC, TALAR  and  SYDAC,  and  it  is  anticipated  that  requirements  for  an 
interL-  and/or  long  term  tactical  guidance  system  will  result.  Although  V/STOL  and  helicopter  guidance 
reo  aments  are  being  considered  in  tnese  investigations,  primary  considers-' icm  is  biing  given  to  con¬ 
ventional  aircraft  requirements  for  the  interim  system. 

The  All  Weather  Operations  Panel  (AWOP)  of  ICAO  and  Special  Committee  117  of  Radio  Technical 
Commission  for  Aeronautics  (RTCA)  have  recently  made  recommendations  concerning  the  need  for  a  new  guidance 
system  that  considers  V/STOL  and  helicopters  requirements.  RTCA  investigated  the  development  of  a  precision 
guidance  concept  and  associated  signal  format  for  an  approach  and  landing  system  for  civil  and  military 
users.  The  recommendations  are  reported  in  Ref.  3.  The  AWOP  also  recoemended  the  development  of  a  new  inter¬ 
national  non-visual  approach  and  landing  guidance  system  for  civil  aviation  (Ref.  4).  Developments  resulting 
from  these  recommendations  would  not  necessarily  result,  however,  in  portable  systems  satisfying  tactical 
V/STOL  operational  requirements . 

V/STOL  aircraft  have  guidance  requirements  that  are  essential  to  exploiting  their  unique  (ie 
low  speed,  direct  lift  control)  flight  characteristics.  The  operationa1.  capabilities  of  V/STOL  aircraft 
can  best  be  realised  if  the  pilot  is  able  to  use  the  inherent  wide  flexibility  of  the  aircraft  under  IHC 
in  much  the  same  manner  as  he  does  under  VNC .  The  low  speed  flight  characteristics  enable  tho  pilot  to  con¬ 
trol  the  aircraft  based  on  its  existing  flight  situation  with  respect  to  the  desired  landing  point  without 
the  need  to  correct  back  to  an  arbitrary  flight  path  (except  under  hignly  congested  air  traffic  control  con¬ 
ditions).  It  appears  that  the  system  will  have  to  provide  precise  position  and  rate  information  relative 
to  the  desired  landing  point.  Range  and  range  rate  information  is  essential  if  optimum  decelerating  profiles 
are  to  be  achieved.  These  could  minimise  fuel  consumption  but,  more  important,  along  with  a  knowledge  of 
surrounding  terrain  and  winds,  will  permit  V/STOL  IHC  landings  in  vory  low  visibility  cood i t i ct. 3  . 

As  pointed  out  above,  precise  position  information  relative  to  a  desired  landing  site  can  ba  of 
more  importance  in  V/STOL  landings  than  position  information  relative  to  an  arbitrary  flight  path.  In  the 
simplest  case,  range,  bearing,  and  barometric  altitude  (with  reference  to  tho  landing  site)  catn  provide  this 
position  data.  Many  more  sophisticated  means  of  deriving  this  information  are  currently  under  development. 
MATAG  Sub  Group  7  will  be  considering  such  systems  as  long  range  solutions  to  tactical  guidanco  requirements. 
V/STOL  guidance  requirements  (accuracies,  range,  coverage,  efc.)  should  be  established,  verified  through 
flight  test,  and  specified  as  part  of  the  general  requirements  for  any  now  tactical  guidance  system. 

3.5  Pilot  Factors 

A  significant  factor  to  be  considered  in  tho  design  of  a  control-display  system  for  any  new 
aircraft  is  the  role  of  the  pilot  in  the  system.  This  issue  becac-s  of  particular  concern  whan  automatic 
versus  manual  control  trade-offs  are  being  considered.  The  need  for  automatic  assistance  and  the  trade-off 
between  control  sophistication  versus  display  requirements  ar«  discussed  in  detail  in  Chapter  4.  Several 
general  points,  however,  nesd  to  be  mad*  about  pilot  factors  in  system  design.  In  general,  pilots  make  poor 
substitutes  for  servo  actuators  and, if  they  can  bo  unburdened  fro*  such  routine  control  taska.have  mare  time 
available  for  management  of  critical  functions.  On  the  other  hand,  as  autcoaticlty  increases,  the  pilot's 
task  becomes  one  of  systaesa  monitoring,  and  he  may  not  b«  able  to  atay  sufficiently  alert  under  routine 
operation  to  take  over  manually  in  caae  of  systems  failure',  at  critical  phases  in  the  mission.  These  points 
were  also  made  in  Ref.  2: 

"The  V/STOL  aircraft  will  add  complexity  of  operation  far  the  pilot.  Also,  the  need 
for  steep,  curved  flight  paths  in  a  dense  traffic  environment  (or  due  operational 
requiresmnts-editorial  comment  by  Working  Group)  in  very  lew  visibility  conditions 
will  place  demands  on  the  pilot  that  will  require  scoe  degree  of  automation  of  operation 
and  oootrol  of  tha  aircraft  and  of  its  guidance  from  cruiss  to  landing.  The  pilot  will 
become  a  manager  and  monitor  of  systam  perforrance  and,  of  court#,  will  remain  tha 
decision  Biker.  Tha  decision*  the  pilot  rakes,  however,  may  be  more  difficult  as  a 
manager  and  more  critical  in  timing  in  an  toergency  situation  inasmuch  as  displays 
of  today  requir#  interpretation  and  are  not  suitably  integrated.  The  pilot  may  not 
be  able  to  stay  sufficiently  "alert"  under  routine  operations  while  nor.itoring  with 
abstract  displays  unless  he  play*  an  active  part  in  the  control  of  the  aircraft.  On 
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ths  other  hand,  vastly  improved  displays  may  provide  an  answer," 
4.  THE  TRADE-OFF  BETWEEN  CONTROL  AND  DISPLAY  SOPHISTICATION 


4.1  Introductory  Remarks 

As  was  pointed  out  in  Chapter  3,  V/STOL  aircraft  have  proved  to  be  marginally  stable  and  diffi¬ 
cult  to  fly  at  low  airspeeds.  Successful  transitions  from  aerodynamic  flight  to  a  hover  and  landing  do 
not  present  operational  problems  as  long  as  such  missions  are  flown  by  experienced  and  well-trained  test 
pilots.  Ultimately,  V/STOL  aircraft  have  to  be  flown  operationally  by  less  experienced  pilots.  These  will 
have  to  receive  special  training  due  to  the  varying  method  of  control  during  a  transition  from  aerodynamic 
flight  to  a  hover.  On  the  other  hand,  VTOL  aircraft  offer  advantageous  direct  control  of  vertical  accelera¬ 
tion  thus  allowing  immediate  corrections  of  height  errors .  This  can  enhance  the  guidance  stability  with 
respect  to  the  demanded  flight  path  compared  to  most  conventional  aircraft  where  height  errors  are  correc¬ 
ted  indirectly  by  changing  elevator  angle  and  engine  thrust. 

Studies  conducted  in  flight  so  far  have  been  primarily  concerned  with  stability  and  control 
examinations  under  VMC.  Far  fewer  studies  of  this  kind  have  been  undertaken  for  manual  flying  under  IHC 
which  is  understandable  because  even  for  conventional  aircraft  true  all-weather  instrument  landing  capa¬ 
bility  is  just  beginning  to  become  a  reality  as  a  result  of  fairly  sophisticated  automated  control  systems . 
Another  reason  for  the  majority  of  the  research  being  dona  under  visual  rather  than  instrument  conditions 
is  that  airborne  experiments  are  much  maro  easily  performed  using  the  real  world  cues.  Also  representative 
displays  are  not  usually  available  and  the  researcher  is  well  aware  of  the  deficiencies  of  standard  instru¬ 
ments  because  of  all  the  controversy  over  the  years  regarding  V/STOL  display  requirements.  As  long  as  V/STOL 
aircraft  steep-angle  approaches,  including  vertical  landings,  ore  in  the  exploratory  stage  with  respect 
to  all-weather  landing  capability,  appropriate  displays  can  not  be  developed  adequately  until  a  basic  un¬ 
derstanding  of  what  is  to  be  controlled,  operated  and  monitored  has  been  established.  Therefore,  only  fair¬ 
ly  general  statements  can  be  cade  on  the  trade-off  between  control  sophistication  and  display  require¬ 
ments  . 


4.2  Vehicle  Stabilisation 


Some  V/STOL  aircraft  have  stability  characteristics  which  allow  the  aircraft  to  be  flown 
manually  with  a  minor  degree  cl  autostabilisation,  or  no  stabilisation  at  all.  The  question  is,  howover , 
how  much  the  operation  of  a  V/STOL  aircraft  without  autostabilisation  increases  pilot  workload  compared 
to  that  of  flying  with  stability  augmentation.  If  there  is  a  significant  increase  of  pilot  workload  it 
should  be  accounted  for  when  defining  the  pilot  ’s  flight  control  tasks  and  in  a  wider  sense  the  total  mis¬ 
sion  concept.  To  be  able  to  assess  the  cost-effectiveness  of  autostabilisatioc. ,  it  is  felt  that  quantita¬ 
tive  measures  should  be  developed  to  show  what  amount  of  the  pilot's  attention  capacity  is  absorbed  by 
manual  aircraft  stabilisation. 

At  this  point  the  optimum  use  of  human  capabilities  should  be  reconsidered.  Obviously  the  pri¬ 
mary  tasx  of  the  pilot  is  to  perform  a  particular  mission  and  not  to  maintain  a  particular  venicle  status. 
Therefore  the  pilot's  attention  should  be  devoted  to  the  mission  tasks  primarily  and  the  secondary  task  of 
vehicle  stabilisation  should  be  automated  as  necessary.  Stability  augmentation  systems  involving  appropriate 
sensors,  computers  and  control  surface  or  noaile  actuators  are  certainly  within  the  state  of  the  art.  How- 
over,  considerations  of  reliability  and  adaptability  to  failures  or  sudden  changes  of  operational  con¬ 
ditions  can  influence  the  assignment  of  vehicle  stabilisation  tasks  to  the  pilot  or  to  the  stability  aug¬ 
mentation  system. 

In  cases  where  only  limited  automatic  stability  augatntatioo  is  available  or  where  the  pilot 
has  to  take  over  in  an  emergency  ajr.oeuvre ,  quickened  displays  say  be  a  better  answer  than  pure  situation 
displays  which  are  likely  to  be  inadequate  for  stabilising  tasks.  Quickened  information  is  derived  from 
the  combination  of  a.atu*,  rate  and  acceleration  covenants  of  a  parameter  and  is  displayed  as  a  compo¬ 
site  signal  to  the  pilot.  8y  this  method  the  pilot  is  relieved  of  the  extremal y  difficult  task  of  mani¬ 
fold  visual  differentiation  of  situation  information  and  mental  determination  of  optimal  control  taovemmots. 


To  illustrate  tho  effects  of  quickening  in  a  director  display  reference  ie  made  to  fig.  3  which 
is  a  simplified  example  of  tho  control  of  an  aircraft  turning  in  level  Oerodynamic  flight.  The  pilot  and 
display  are  represented  in  the  model  as  a  simple  gain.  Using  this  simple  pilot  model  it  is  assumed  that 
ths  pilot  can  concentrate  on  a  single  tracking  task  of  slow  response  characteristics  alone,  which  is  not 
necessarily  true  in  practice.  The  pilot's  output.  A,  controls  ths  aircraft  in  roll.  The  output  of  the  first 
integrator  of  the  aircraft  model  represents  the  roll  rate  and  the  negative  feedback  of  this  integrator 
accounts  for  the  damping  of  roll-motion.  The  output  of  ths  second  integrator  then  represents  bank  angle, 

<p ,  which  causes  a  proportional  rate  of  turn,  y  ,  (assuming  no  sideslip).  The  output  of  the  third  integra¬ 
tor  is  aircraft  heading,  ♦,  which  can  be  controlled  to  satisfy  a  heading  demand  using  multiple  feedbacks 
to  the  display.  The  resulting  output  is  a  composite  signal  of  the  form 

(1)  1  =  ^  -  V  -  Cjf  -  Cj* 

By  appropriate  selection  of  c ^  and  c.j  various  types  of  responses  of  the  system  can  be  achieved 
in  order  to  null  the  heading  error 

(2)  «  :  -  » 


Tig.  3c-c  show  so-as  responses  obtained  by  simulation  for  varying  values  of  c  and  c  ,  Tor 
c  -  c-  =  0  there  is  only  negativs  feedback  from  eutpvt  to  input  which  results  in  instability  of  the  system . 
The  traces  are  therefore  not  shown  in  Fig.  3. 


For  Cj  i  0.2  and  Cj  *  0  (Fig.  3a)  damping  hat  been  introduced  into  the  system.  In  most  linear 
systems  a  rate  feedback  term  introduces  damping  and  this  is  seen  in  Fig.  Sa  where  -  0.2.  However,  at  this 
value  of  c^ ,  oscillation  is  still  present  which  makes  control  difficult  for  tho  pilot  (highest  rms-value  of 
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pilot's  output  and  highest  number  of  stick  reversals  compared  to  Fig.  3b,  c),  but  the  rros-value  of  the 
error  at  the  system  output  is  smallest  for  the  example  shcem  in  Fig.  3a.  For  =  0.2  and  o,  =  0.1 

(Fig.  3b)  the  feedback  of  the  second  derivative  of  the  system  output  ( <p  or  p  respectively)  has  increased 

the  damping  and  lowered  the  frequency  of  oscillation.  Control  is  less  difficult  for  the  pilot  as  ir.-ai- 
catad  by  the  small  number  of  stick  raversalc  required  and  the  smaller  rms-value  of  the  pilot's  output. 

The  vehicle  is  less  responsive,  however,  and  the  rms-value  of  the  error  at  the  system  output  is  larger 
than  in  the  previous  example. 

For  -  O.h  and  c,  =  0.5  there  is  no  longer  an  oscillation  in  the  system.  In  this  example, 
control  is  apparently  least  difficult  for  the  pilot  as  only  one  stick  reversal  is  required  and  the  rms- 
value  of  pilot's  output  is  smallest  with  respect  to  the  previous  cases  discussed.  However,  the  vehicle 
is  even  lass  responsive  and  the  rms-value  of  the  error  at  the  system  output  reaches  a  high  level. 

From  the  proceeding  figures  it  is  apparent  that  pilot’s  activity  and  the  corresponding  con¬ 
trol  errors  have  some  form  of  inverse  relationship  which  is  quite  natural.  By  means  of  a  quickened  display 
of  information  it  is  possible  to  select  a  certain  ratio  of  pilot's  activity  /  control  errors  as  long  as  hu¬ 
man  capabilities  are  not  exceeded.  More  importantly  the  quickened  display  of  information  can  introduce  ' 

an  artificial  stability  into  systems  of  natural  instability  by  provision  of  appropriate  feedback  loops. 

These  loops  can  be  designed  to  take  the  characteristics  of  human  control  into  account,  which  helps  to  main¬ 

tain  the  man  in  the  loop  if  it  is  considered  necessary. 

Besides  the  characteristics  of  quickened  displays  discussed  above,  the  loss  of  situation  in¬ 
formation  in  the  display  has  to  be  considered  when  introducing  quickening.  In  some  cases  only  a  slight 
amount  of  quickening  (small  values  of  c^,  >  is  required  to  obtain  satisfactory  resul'.s  and  then  this 

effect  is  not  too  significant.  However,  if  a  large  amount  of  quickening  is  applied. two  displays  are  re¬ 
quired,  one  representing  quickened  (coaroand)  information  and  the  other  situation  information.  Otherwise 
the  lack  of  situation  information  may  lead  to  a  condition  in  which  tne  command  display  shows  all  comeands 
satisfied  while  the  aircraft  actually  flies  in  an  unacceptable  or  dangerous  situation  which  can  not  be 
detected  by  means  of  the  display. 

For  a  strictly  analytical  developnjent  of  quickened  information  displays  the  entire  dynamic 
characteristics  of  the  pilot  would  have  to  be  known.  It  is  believed  that  the  determination  of  such  sophisti¬ 
cated  models  may  be  very  expensive  and  it  would  probably  always  be  easier  to  design  fully  automatic  control 
systems.  It  would  appeal-,  however,  to  be  more  promising  to  restrict  the  model  describing  the  pilot's  res¬ 
ponse  to  lower  frequencies  only  and  to  recognise  and  to  account  for  the  variability  of  the  display  design 
due  to  this  simplification.  A  restriction  to  frequencies  well  below  1  Hi  appears  to  be  quite  realistic  for 
actual  flying  tasks,  It  is  felt  that  the  application  of  such  simplified  Bedels  could  increase  the  cost- 
effectiveness  of  quickened  display  design  by  allowing  predictions  of  important  parameters  regarding  speci¬ 
fic  tasks  rather  than  continuing  the  predominantly  empirical  opt  imixat ;  ,.n  of  quickened  displays. 

w.3  Guidance  and  Control 

Automatic  stability  augment  At  ion  for  V/STOL.  aircraft  is  well  within  the  st.nte  of  'he  art  and 
has  proved  to  be  cost-effective.  Automatic  flight  control  of  V /ST.-!  aircraft  ta  probably  also  within  the 
state  of  the  arc  though  sene  subsystems,  in  particular  sensors  and  guidance  equipment,  need  sc-oe  refine¬ 
ment.  However ,  fully  autooate-d  flight  control  of  V/tiToL  aircraft  can  not  be  considered  to  lie  cost-effec¬ 
tive  at  present,  khile  the  problem  of  vehicle  stabilisation  is  more  or  loss  apparent  in  all  phases  of 
flight,  guidance  equipment  tends  to  be  mode-specific.  To  be  cost-effective  in  computer  capability,  power 
sanagesent  effort,  maintenance  etc.  such  equipment  should  be  designed  to  be  usable  in  many  phases  of 
flight.  Hie  problem  is  most  apparent  when  raw  informat ion  is  displayed  by  conventional  display  techniques. 

It  is  less  predominant  if  sensors  and  indicators  are  separated  which  allows  the  indicators  to  be  flight- 
phase  selected  through  computer  Programs  to  sake  th.eee  useable  foe-  different  purposes.  Its  this  respect  the 
best  solution  would  bo  the  use  of  electronic  displays,  "  -  -vholcgy  ,  information  content  at:.!  dynamic 
characteristics  of  which  can  be  ptx>£rs.-nmed  to  match  t:.e  particular  requirements  of  each  phase  of  flight. 

Using  the  display  device  as  a  multi -mode  indicator  valuable  instrument  panel  space  is  preserved  by  reducing 
the  number  of  discrete  indicators.  Production,  maintenance  and  repair  er-.  also  be  simplified  by  having 
standard  display  devices  only  rather  than  a  fairly  .nacwioyencus  instrumental icm . 

In  general,  it  is  believed  that  the  prob’ems  mentioned  above  ca'  be  solve!  bos'  by  using  stan¬ 
dard  computer  controlled  display  devices  and  giving  particular  emphasis  ?e  standardisation  of  future  hard¬ 
ware  development  and  to  display  software  generation.  The  increasing  amount  of  computed  inforaatH*)  compared 
to  raw  lnf»r»at~on  to  be  displayed  and  the  predominance  of  electronic  equipment  add  to  this  development  trend  . 

jl  1  th  respect  to  automatic  guidance,  the  resources  of  the  human  being  (fl)lag  Ability,  training, 
discipline),  the  possible  refinement  of  operating  procedures  and  available  display  technology  appear  adequate 
to  eliminate  complete  automation  of  V/STOL.  aircraft  guiicnee  from  serious  consideration  in  the  near  future, 
to  cur  economic  benefit.  Quite  substantial  efforts  are,  however,  required  to  utilise  these  resource*  effi¬ 
ciently.  The  greatest  problem  appears  to  be  *  he  lack  of  knowledge  about  the  pilot's  information  requirement* 
which  «r*  considered  to  bv  the  key  to  future  display  development,  input  requirements  exist  in  general  for 
fully  automatic  flight  central,  ’nfarmatiun  requirements  for  manual  control,  however,  have  to  be  derived 
more  smpirlcaiiy  because  of  the  limited  knowledge  of  the  pilot’s  behaviour  in  a  sulti-task  situation  and 
his  ability  to  adapt  to  the  unexpected. 

significant  increase  of  ground -based  equipment  giving  navigation  in  forma  tic®  and  performing 
data  procersing  will  be  necessary  for  automatic  guidance  and  control  during  approach  ar.d  landing  as  com¬ 
pared,  for  example,  to  a  GCA  (Ground  Controlled  Approach)  manoeuvre.  It  is  qmist  leviable  whether  adequate 
equipment  can  be  provided  for  th is  .part icuiarly  at  these  places  where  the  take-off  and  landing  charac¬ 
teristics  of  a  V/STOL  aircraft  are  most  useful.  On  the  other  hand,  operational  experience  has  shown  that 
steep  descents  to  a  specific  end -point  are  difficult  to  fly  without  some  degree  of  automatical  if  a  speci¬ 
fic  profile  of  ti  snsition  or  deceleration  is  demanded. 
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4,4  Principles  governing  trade-offs 

The  display  requirements  for  V/STOL  aircraft  are  dependent  on  the  complexity  of  the  flight 
manoeuvres  required  and  on  the  degree  of  automation  available  aboard  the  aircraft.  However,  automation 
and  the  quantity  of  information  displayed  are  not  inversely  proportional.  This  is  due  to  the  fact,  that 
automation  cap.  reduce  the  number  of  control  displays  without  significantly  changing  the  number  of  situation 
displays  required  to  observe  the  progress  of  the  automated  control  functions  and  to  monitor  the  flight  con¬ 
dition  with  respect  to  mission  requirements  and  safety  margins.  The  degree  of  automation  is  dependent,  how¬ 
ever,  on  the  overall  cost-effectiveness  to  be  achieved.  Two  questions  appear  to  be  most  important:  (i) 

What  can  bo  automated  within  the  state  of  the  art,  given  considerations  of  cost,  payload  and  operational 
environment?  (ii)  How  much  of  the  pilot’s  attention  capacity  is  required  for  tasks  which  can  not  be  auto¬ 
mated  efficiently  and  where  is  it  possible  to  save  that  amount  of  attention  by  appropriate  automation  of 
other  functions?  It  is  believed  that  for  vehicle  stabilisation  both  questions  can  be  answered  in  favour 
of  automation.  Vith  the  aid  of  completely  automated  stabilisation  systems  it  should  be  possible  to  reduce 
the  influence  of  pilot  factors  on  flight  accidents  remarkably.  It  would  be  interesting,  however,  to  know 
how  much  instability  of  the  vehicle  contributes  to  the  total  number  of  flight  accidents.  The  remaining 
accidents  which  are  not  due  to  inadequacies  cf  manual  stabilisation  of  the  vehicle  (inner  loop)  may  have 
their  roots  in  the  imperfections  of  the  technique  of  manual  vehicle  guidance  (outer  loop).  However,  the 
same  degree  of  automation  as  for  vehicle  stabilisation,  ie  ultimately  complete  automation,  is  not  con¬ 
sidered  to  be  cost-effective  and  feasible  for  guidance  of  V/STOL  aircraft.  On  the  ether  hand,  pure  manual 
guidance  of  the  V/STOI,  aircraft  can  restrict  the  operation  of  the  venic.le  to  fairly  conventional  approach 
techniques  to  avoid  flying  risks.  If,  therefore,  the  inherent  flexibility  of  V/STOL  aircraft  is  to  be 
utilized,  some  combination  of  manual  and  automatic  guidance  will  be  required. 

It  is  difficult,  if  not  impossible,  to  make  any  statement  about  the  appropriate  amount  of  manual 
and  automatic  guidance  to  achieve  a  specific  performance  without  exact  knowledge  of  the  vehicular  charac¬ 
teristics,  the  type  of  mission  to  be  flown,  human  limitations  with  respect  to  the  flying  task,  and  the 
difficulty  of  cooperation  between  the  pilot  and  the  automated  system  (distribution  of  authority  etc).  How¬ 
ever  )for  a  given  combination  of  these  factors  it  is  obvious  that  the  total  of  manual  plus  automatic  con¬ 
trol  must  add  up  to  100%.  It  must  not  be  assumed  that  a  pilot  always  has  the  ability  to  provide  the  full 
100%  of  contrc) ,  even  with  extensive  training,  or  with  elaborate  displays.  In  such  a  case  the  aircraft 
is  unflyable  without  some  minimum  amount  of  automatic  control  (typically  inner-loop  stability  augmentation ) . 
Experience  with  numerous  experimental  V/STOL  aircraft  indicates  that  for  operation  in  IMC  this  would  be  a 
realistic  case  and  the  subsequent  discussion  is  based  on  this  assumption. 

In  order  to  perform  his  share  of  control  the  pilot  must  be  given  the  necessary  information 
and  one  can  therefore  draw  curves  of  pilot  acceptability  levels  on  a  plot  of  display  sophistication 
against  control  complexity  (Fig.  4). 

For  the  example  chosen,  these  curves  do  not  reach  the  axes  in  either  direction.  That  is,  as 
discussed  above,  there  is  no  fully  manual  control  solution  however  many  displays  are  provided,  and 
although  it  should  always  be  possible  in  theory  for  the  curve  to  reach  the  abscissa  (fully  automatic 
flight),  in  practice  the  pilot  will  insist  o.i  having  some  situation  information  available  with  which 
he  can  follow  the  progress  of  the  flight. 

Figure  4  presents  only  a  generalized  case  since  it  is  not  possible  to  progress  uniquely  along 
the  axes.  For  the  purpose  of  the  illustration  one  can  assume  that  control  sophistication  starts  with 
simple  stability  augmentation  in,  say,  one  axis  and  builds  up  to  full  guidance  control.  Displays  similar¬ 
ly  can  be  considered  to  start  with  simple  situation  displays  of  attitude,  speed,  height,  etc  and  progress 
through  increasing  amounts  of  situation,  errors,  flight  directors  and/or  predictor  displays.  Combinations 
of  displays  and  controls  thus  fall  into  satisfactory,  acceptable  or  unacceptable  regions  of  pilot  rating. 

for  convenience  one  can  assume  that  costs  increase  linearly  along  each  axis  and,  therefore, 
contours  of  equal  cost  cross  the  workload  curves  as  shown  totted  in  Fig.  4.  The  curve  of  "acceptable" 
pilot  rating  clearly  passes  from  high  cost  through  a  minimum  to  a  further  high  cost  region. 

It  must  be  appreciated  that  specific  comb i" at ions  of  controls  and  displays  might,  for  tech¬ 
nical  leasons  (eg  conflicts  between  human  and  automatic  authority),  result  in  local  distortions  of  the 
pilot  rating  curves,  and, hence, a  unique  minimum  cost  may  not  be  identifiable.  Further  study  should  be 
concentrated  on  quantifying  the  rating  curves  and  cost/complexity  contours. 

Any  discussion  of  the  acceptability  of  displays  clearly  must  identify  the  amount  of  automatic 
control  supplementing  the  natural  control  and  stability  characteristics  of  the  aircraft.  Ideally  thi" 
would  be  that  corresponding,  to  the  minimum-cost  point  identified  above,  but  as  this  is  difficult  to  de¬ 
termine,  discussion  with  pilots  has  given  an  impression  of  what  they  considered  to  be  the  minimum  "satis¬ 
factory"  ’evels  of  stability  for  approach  and  landing. 

These  characteristics,  assumed  in  the  following  chapters,  appear  to  be  appropriate  levels  of: 

(i;  attit-oe  stability  in  pitch,  (ii)  attitude  stability  in  roll  for  small  pilot  inputs  about  the  trim 
position  and  an  angular  rate  control  for  large  pilot  inputs,  (iii)  weathercock  stability  to  prevent  the 
build-un  ox  dangerous  sideslip  angles  and  (iv)  vertical  damping  to  ensure  that  a  given  control  position 
results  in  a  steady-state  rate  of  descent  or  ascent.  Of  these,  the  roll  and  height  control  requirements 
seem  to  be  the  most  controversial  and  ore  logical  subjects  for  further  research. 

5.  INFORMATION  REQUIREMENTS 

At  the  present  stage  of  development,  reliability  and  cost  of  systems  for  guidance,  control 
and  stabilization  for  V/STOL  aircraft,  operational  blind  landings,  with  or  without  pilot  control,  are 
not  to  be  expected  in  the  near  future.  A  previous  AGARD  study  of  V/STOL  instrument  landing  systems 
(VLS/65)  assur.it  d  that  instrument  approach  and  landing  procedures  will  possess  both  an  instrument  approach 
phase  and  a  final  visual  landing  phase  during  which  the  touch-down  area  can  be  observed  by  the  pilot. 

It  is  felt  that  _his  assumption  is  still  valid.  The  basic  information  required  by  the  pilot  in  both  these 
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flight  phases  is  similar,  but  nay  bo  derived  from  different  sources  and  may  have  to  be  presented  in  some¬ 
what  different  forms  to  be  optimum.  This  chapter  outlines  tv  reqt-rei  information  ,  but,ii?.  general,  no 
attempt  has  been  made  to  indicate  the  specific  fora  in  which  it  should  he  displayed.  This  vill  be  dealt 
with  in  subsequent  chapters. 


As  advocated  in  Ref.  10,  the  controls  should  be  of  the  (1Cartesic  o.  orthogonal  type  in  j 
that  the  pilot  should  ha  provided  with  go-forward,  g:-back;  go-up,  go-down;  go-right,  go-left  controls  j 
that  change  their  function  as  little  as  possible  ca.  as  gradually  and  as  naturally  as  possible  from  the  ! 
beginning  of  the  approach  to  the  final  touch-down  uith  a  miniraia  of  cross-coup  ling .  In  addition,  the  ad-  j 
vantages  to  be  gained  by  relieving  the  pilot  of  the  task  of  sideslip  res  Trail,  t  rre  enormous  and  every  i 
effort  should  be  made  to  incorporate  adequate  inherent  or  automated  directional  stability  to  allow  the  ( 
aircraft  to  bo  manoeuvred  laterally  by  roll  control  motions  only,  especially  during  the  instrument  phase  j 
of  the  approach.  ) 


It  can  be  argued  that  the  pilot  workload  required  to  bring  an  aircraft  to  a  particular  spot 
with  zero  lateral  and  longitudinal  velocities  and  an  acceptably  low  rate  cf  descent  at  touch-down  is  much 
higher  than  the  normal  landing  task  with  a  conventional  aircraft.  Therefore ,the  aircraft  must  be  readily 
manoeuvrable  in  all  six  degrees  of  freedom.  Just  as  additional  controls  must  be  provided  to  allow  these 
extra  degrees  of  freedom  to  be  exploited  fully ,  display  of  additional  parameters  must  be  presented  to 
allow  monitoring  of  these  motions.  Consequently,  the  potential  gains  from  presenting  the  information  to 
the  pilot  in  the  clearest  and  simplest  fashion  are  much  greater  in  the  V/STOL  case.  Those  requirements 
would  seem  to  indicate  the  need  for  the  use  of  advanced  instrumentation  techniques. 

The  parameters  listed  below  are  those  considered  necessary  for  the  pilot  to  accomplish  the 
approach  and  landing  task.  The  ir corporation  of  advanced  display  techniques  and  sophisticated  control 
systems  may  shift  the  emphasis  required  on  the  various  display  elements,  but  the  distribution  of  the  infor¬ 
mation  presented  must  always  alios?  the  pilot  to  answer  the  two  questions:  "How  well  am  I  doing  the  re¬ 
quired  task?"  and  "How  close  air.  I  to  crashing? ".One  display  does  not  necessarily  satisfy  both  these  needs, 
for  instance,  the  pure  flight  director  t  lat  has  to  be  nulled  can  be  flown  very  accurately.  Unfortunately, 
without  the  inclusion  of  situation  information  the  pilot  is  extremely  uncomfortable,  since  he  is  unaware 
of  how  close  he  is  to  disaster. In  addition,  instruments  which  can  fail  to  a  zero  position  are  particular¬ 
ly  dangerous  in  this  respect . 

No  exact  technique  is  available  for  selection  of  the  information  required.  This  is  borne  out 
by  the  many  detailed  differences  in  requirements  for  conventional  aircraft  which  may  be  due  to  too  much 
reliance  on  what  is  currently  possible  and  what  changes  the  pilots  have  been  able  to  suggest.  In  this 
section  the  Working  Group  has  tried  to  avoid  these  '.'mstraints  ar.d  has  concerned  itself  only  with  the 
pilot's  information  reqi  .  aments  however  they  may  be  obtained. 

(i)  Airspee,  T^e  airspeed  and  the  deviation  from  a  desired  value  must  be  presented  down  to 
the  lowest  spaed~at  which  any  significant  aerodynamic  forces  assist  the  aircraft  or  aerodynamic  problems 
such  as  wing  stall  or  pitch-up  (eg  due  to  engine  intake  momentum  effects)  may  be  encountered.  Then  ground 
speed  becomes  the  more  important  parameter. 

(ii)  Ground  Speed  and  Direction:  After  the  "aerodynamic  flight  regime"  has  been  left  behind, 
the  pilot  is  interested  primarily  in  ensuring  that  the  ground  speed  and  its  direction  is  such  that  he  will 
arrive  over  the  landing  spot  at  the  desired  touch-down  speed.  These  also  would  be  usefully  displayed  to¬ 
gether  with  the  deviation  from  the  desired  values  which  may  be  functions  of  several  parameters.  For  in¬ 
stance,  the  desired  ground  speed  may  be  made  proportional  to  the  square-root  of  the  remaining  rango  to  the 
landing  site .  That  is , 

(3)  Vg  «  AT 

It  can  be  shown  that  adhering  to  such  a  relationship  results  in  a  constant  longitudinal  • 
deceleration  throughout  the  approach. 

It  would  appear  most  advantageous  to  present  the  information  for  both  airspeed  and  ground 
speed  deviations  on  one  display  element  with  a  smooth  transition  at  the  change-over  point,  since  the 
same  pilot-operated  controller  must  be  used  for  both  and  the  pilot  is  concerned  with  each  at  separate 
portions  of  the  approach.  Adequate  differentiation  must  be  provided  in  their  display,  of  course,  to  avoid 
misinterpretation . 

(iii)  Height:  Even  in  VMC  flight  the  pilot  must  be  provided  with  altitude  information  to 
ensure  adequate  terrain  clearance,  normal  air  traffic  requirements,  etc.  During  the  approach  phase  of  the 
flight,  he  is  concerned  primarily  with  height  above  ground.  Hence,  a  device  such  as  a  radar  altimeter 
read-out  would  be  more  useful  than  a  barometric  altimeter. 

From  flight  experience  with  the  Harrier  aircraft,  it  is  evident  that  a  numerical  indication 
of  height  with  50-foot  intervals  is  too  coarse  at  low  altitude  and  much  finer  discrimination  is  required. 

It  may  be  advantageous  in  a  numeric  display  to  make  the  interval  a  function  of  the  height  above  ground 
and  a  reasonable  interval  at  very  low  levels  would  seem  to  be  ton  feet. 

Analogue  displays  of  height  should  not  be  ignored,  however,  since  they  have  the  inherent  ad¬ 
vantage  of  providing  a  rough  indication  of  the  rate  of  change  of  height  as  well  as  the  height  itself. 

A  disadvantage  of  such  displays  is  that  they  are  expensive  in  space  if  used  throughout  the  entire  flight 
regime.  Perhaps  a  good  compromise  is  a  digital  read-out  with  constant  interval  spacing,  to  be  used  at  alti¬ 
tude,  augmented  by  an  analogue  display  of  height  to  be  used  in  the  final  stages  of  the  approach  (say  ths 
last  500  feet). 

(iv)  Vertical  Speed:  Due  to  the  very  low  available  normal  acceleration  capability  of  most 
V/STOL  aircraft  in  the  approach  configuration,  it  is  important  for  the  pilot  to  know  his  current  vertical 
descant  rate.  Instrument  lags  inherent  in  presont  pressure  sensing  vertical  speed  indicators  are  quite  un- 


9 


acceptable  If  V/STOL  aircraft  are  th  be  flown  to  low  altitudes  in  I  Hr  by  comfortably  confidant  pilots.  : 

In  addition,  to  avoid  rates  of  descent  beyond  thp  aircraft '4  capability  to  arrest,  the  display  of  the 
maximum  allowable  rata  of  descent  would  be  extremely  useful' "how  close  aa  I  to  crashing?"  information. 

This  limit  would  be  constantly  changing  as  a  function  of  height  above  ground,  the  available  maximum 
thrust-to-waight  ratio  apd  the  flare  capability  of  the  aircraft.  ! 

The  display  of  this  rate  of  descent  information  should  be  optimized  fop  JHC:  flight,  but  should 
be  situated  in  a  position  to  allow  the  pilot  ready  reference  during  viapal  flight  conditions.  Otherwise, 
if  external  visual  cues  alone  .are  relied  on,  uncontrollably  high  descant  rates  can  occur  without  the  pilot 
being  aware.  ’  ,  ' 

Unlike  normal  approaches  in  conventional  aircraft  where  the  rate  of  descant  and  airspeed  are 
held  constant  until  the  landing  flare,  decelerating  approaches  of  V/STOL  aircraft ,  even)  on  constant  glide 
path  angles,  result  in  ever-changing  vortical  velocities .  Td  take  straight  line  and  other  approach , paths 
possible,  it  would  seem  logical,  to  present  the  desired  rate  of  descent  as  an  element  of  the  display. This 
would  be  basically  guidance  information  and  could  be  made  to  fellow  a  great  variety  of  laws  to  take  ad¬ 
vantage  of  the  characteristics  of  particular  aircraft,  local  terrain  conditions 'or  operational,  require¬ 
ments.  One  such  law,  similar  to  that  suggested  for  the  ground  speed,  would  be  to  make  the  desired 
descent  rate  proportional  to  the  square-root  of  height  above  the  desired  hover  point.  That  is 

!  .  _____  1 

(k)  h  «  -  hH0V  ,  , 

Conforming  to  this  law,  which  could  be  tailored  to  the  particular  aircraft,  would  result  in  a 
constant  vertical  deceleration.  Combining  such  a  descent  rate  variation  and  that  advocated  for  ground  speed, 
the  vertical  approach  path  could  be  made  to  assume  a  variety  of  suitable!  forms  to  terminate ‘in  the  hover 
above  the  landing  site .  By  suitable  choice  of  the  constants  of  proportionality  and  depending  on  the  star¬ 
ting  point  rates  the  zero-error  flight  path  may  be  roughly  concave,  cpnvex  or  straight.  However,  tha  curved  , 
paths  do  not  end  at  the  hover  point  and  must  be  followed  by  a  straight  segment.  Indeed,  the  pilot  way 
modify  the  flight  path  by,  for  example,  following  first  one  and  than  the  other  demand. 

•  !  I  ’  !  i 

Utilization  of  such  ground  speed  and  height  rate  laws  can  result  in  the  aircraft  being  flown 
on  the  approach  in  a  more  optimized  fashion  than  if  it  is  constrained  to  conatant-speed/eonstant-ai- 
titudo  segments,  as  suggested  for  the  "stepped  approach"  (Ref.  6),  resulting  in  the  | time  and  fuel  savings 
illustrated  in  Fig.  1.  i  . 

!  ; 

(v)  Pitch  and  Roll  Angle:  It  has  been  assumed  tnat  some  form  of  pitch  angle  control  sy6tein 
would  be  provided  and  that  ehangesTn  forward,  speed  can,  and  should,  he  made  through  variations  in  the 

longitudinal  force  without  altering  the  pitch  angle.  Xu  some  cases  when  the  aircraft  is  going  too  fast  for  ’ 

the  remaining  range  and  the  longitudinal  force  available  is  not  sufficient  to  provide  the  deceleration  re¬ 
quired  ,  the  pitch  angle  must  be' increased, or  the  landing  aborted.  In  this  instance,  it  is  especially  impor¬ 
tant  for  the  pilot  to  be  aware  of  his  attitude  to  effect  the  airspeed  change  and  then  he  able  to  return. to 
a  specific  pitch  angle. 

I 

A  pitch  angle  scale  is  desirable,  and  should  be  such  that  the  pilot  always  knows  which  way  is 
up.  Similarly  a  roll  angle  scale  should  be  included  to  enable  the  pilot  to  settle  on  a  desired : value  and 
achieve  a  particular  rate  of  turn  (which,  of  course,  would  be  a  function  of  airspedd) .  Ten  degree  inter¬ 
vals  in  the  roll  angle  scale  up  to  thirty  degrees  either  way  together  with  a  cursor  should  suffice  for 
V/STOL  aircraft  approach  displays.  : 

(vi)  Heading:,  Normal  needs  such  as  navigational  assistance,  orientation  with  respect  to  the 

wind,  etc  dictate  that  the  pilot  be  provided  with  heading  information.  During  the  initial  approach  phase 

when  the  "localizer"  is  being  captured,  track  angle  is  the  parameter  to  die  controlled.  However pilots  ! 
have  become  used  to  .using  heading  correction  as  an  open  loop  means  of  correcting  track  angle  by  reference 
to  the  ILS  localizer  indicator.  For  these  reasons,  and  also  to  provide  back-up  situation  informatioS  if  a 
flight  director  is  used,  it  is  felt  that  heading  must  always  be  displayed. 

(vii)  Angle  of  Attack  and  Allowable  Limits:  Due  to  problems  caused  by  wing  stall,  engine  in¬ 
take  momentum  effects,  and  roll  control  power  limits  (sea  the  following  section;),  angle  of  attack  can  1 
assume  the  importance  of  p  primary  flight  instrument  for  most  V/STOL  aircraft.  Hence,' a  clear,  unambiguous 
indication  of  this  parameter  is  required  and  should  be  situated  close  to  the  display  of  pitch  to  facili¬ 
tate  correlation  between  the  two. 

:  I  ; 

Since  there  is  no  longer  a  valid  indicated  airspeed-attitude  relationship  from  which  the  pilot  ; 
can  derive  incidence  margins  and  since  it  is  desirable  to  retain  the  optimum  aerodynamic  lift  as  long  as 
possible  during  the  approach,  the  allowable  angle  of  attack  limits  must  also  be  displayed.  Just  as.  with 
airspeed,  howaver,  angle  of  attack  has  no  significance  in  the  sub-aerodynamic  region  and  may  be  removed  ' 
from  the  display  for  very  low  speed  flight.  Perhaps  a  method  of  decreasing  the  emphasis  the  pilot  must 
place  on  this  parameter  would  be  to  decrease  the  sensitivity  and  the  size  of  the  scale  as  the  angle  of 
attack  requirements  become  less  stringent.  That  is,  large  display  deflections  would  occur  for  angle  of! 
attack  errors  during  the  "aerodynamic"  portion  of  the  approach,  but  no  deflection  would  he  displayed 
in  the  entirely  powered -lift  portion.  :  ■  : 

,  i 

It  would  be  entirely  possible  in  most  V/STOI,  aircraft  systems  to  incorporate  a  device  that 
automatically  limits  the  angle  of  attack  as  a  function  of  airspeed  by  controlling  the  pitch  angle  through 
the  stabilization  system.  However,  a  compulsive  warning  of  the  approach  of  the  limits,  such  as  a  stick 
shaker,  would  be  preferable,  since  the  source  of  the  automatic  attitude  change  could  be  very  confusing  1 

to  the  pilot.  1 

(viii)  Angle  of  Sideslip  or  Lateral  Acceleration  and  Allowable  Limits:  Certain  types  of  VTOL 
aircraft  possess  very  large  values  of  dihedral  effect,  even  at  low  airspeeds.  This  characteristic  can  make 
excessive  demands  on  tha  available  roll  control  it  any  of  a  number  of  combinations  of  incidence,  airspeed, 
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and  side  <lip  aiigle  should  occur.  If  any  of  thase  three  is  zero  the  problem,  in: general ,  is  avoided.  Hencai, 
the  display  of  sideslip  angle  only  (as  measured  by  a  vane)  would  be  satisfactory  if  this  parameter  could 
be  held  exactly  zero.  This  is  unnecessarily  limiting,  however.  A  more  meaningful  item  for  the  pilot's 
attention  is  the  lateral  acceleration.  This  parameter  is  related  to  both  airspeed  and  sideslip  angle  and, 
if  the  incidence  can  be  held  within  the'  limits  required  to  ensure  safe  longitudinal  characteristics ,  it 
shot,  .’.d  be  possible  to  decide  on  •adequate  lateral  acceleration  limits  tO|yield  satisfactory  lateral-direc¬ 
tional  characteristics  throughout  the  approach.  As  with  incidence,  a  compulsive  warning  device,  such  at 
a  rudder  shaker,  should  be  employed  to  alert;  the  pilot  to  impending  disaster  as  thebe  limits  are  approached. 
If  such  a  device  were  used  it  would  appear  prudent  to  shake  only  the  rudder  pedal  that  needs  to  be  moved 
forward.  This  would  not  only  alert  the .pilot  to  the  fact  that  he  has  not  done  the  required  task  satisfac¬ 
torily,  but  would  also  indicate  to  him  what  to  do  to  retrieve  the  situation.  • 

!  :  ‘ 

Since  the  pilot  is  more  desirous  of  performing  vigorous  lateral  directional  manoeuvres  under  ; 
visual  flight  conditions  than  under  instrument  flight  conditions,  the  display  of  both  the  current  lateral 
acceleration  apd  its  limits  should  be  optimized  for  VMC  flight..  Nevertheless  ,  if  the  weathercock  stabili¬ 
ty  is  proviied  by  artificial 'means ,  it  is  essential  that  they  be  displayed  in  the  useable  instrument  scan 
region  to  allow  instrument  approaches  (perhaps  with  modified  procedures)  following  stabilization  systems 
failures.  ‘  ,  ( 

(ix)  Range  to  the  Landing  Site:  Conventional  aircraft  are  flown  quite  |Successfully  with  no  i 
indication  of  range-to-go  to  touchdown,  other  than  a  couple  of  marker  beacons  along  the  instrument  landing 
system  to  signify  particular  'points  on  the  approach.  If  V/STOL  aircraft  are  flown  on  curved  paths  in  either 
the  vertical  plane  or  the  horizontal'  plane,  the  "range  information"  that,  a  CTOL  aircraft  pilot  obtains  from 
his  altitude-glide  path  relationship  is  no  longer  available  and  the  need  for  the  display  of  range  is  much 
more  porterful.  An  analogue  representation  of  th'is  parameter  should  suffice,  perhaps  in  the  form  of,  the  '■ 
separation  between  an  aircraft  and  landing  pad  symbols . 

,  ‘  '  I 

(x)  Clock:  No  instrument  panel  would  be  complete  without  a  clock  equipped  with  a  large  second 
hand  I  Pilots  findfthis  a  most  useful,  instrument  in'  performing  a  variety  of  instrument  lahding  procedures,1 
'since  even  a  simple  iADF  beacon  becomes  a  valuable  approach  aid  when  account  can  be  kept  of  elapsed  time. 

(xi)  Available  Thrust  and  Engine  Parameters :  Unlike  conventional  aircraft,  the  power  required 
by  a  V/STOL  vehioT^Ts1' often  gees  ar  during  the  landing  phase  than  during  the  take-off.  This  is  particular¬ 
ly  true  when  a  short  takf  iff  is  followed  by  a  vertical  landing.  The  pilot  qf  a  conventional  aircraft  can 
dc  an  engine  "run->  on  the  ground  to  ensure  that  the  engines  are  delivering  the  anticipated  power, just 
ibefore  take-off,  the  most  critical  engine  phase.  The  V/STOL  pilot,  on  the  other  hand,  needs  to  know  the 
state  of  health  of  his  engine  inmedictely  before  his  most  critical  phase,  that  is  before  the  landing,  but 
Me  can  not  perform  the  same  sort  of  check  without,  disturbing  his  flight  path  unacceptably.  Hence,  some 
indication  of  the 'availa’  le  thrust-to~we:ght  ratio  (that  must  bo  calculated  from  air  data  such  as  tempera¬ 
ture  and  press'—e)  ~ould  be  extremely  va'uaLle  early 'in  the  descent,  well  before  the  hover  is  reached. 

I  Similarly,  since  the  pilot's  workload  is  very  high  during  the  landing  task' and  high  power  is 

demanded  from  the  engii, os,  Critical  engine  parameters  such  as  temperatures,  torque  and  RPM,  shoulu  be 
clearly  and  unambiguously  presented  to  present  him  from  abusing1 the  powerplant  to  possible  destruction, 

i  l  ‘  ,  | 

(xii)  Thrust  Vector  Angle ,  Wing  Ixlt,  Duct  Angle,  etc:  The  angle  between  the  propulsive*  vector 

and  the  longitudinal  axis  of  die  aircraft  assumes  the  same  sort  bF  importance  as  power  settings  in  conven¬ 
tional  airorift  and  must  be  clearly  displayed  to  ellow  the  pilot  to  anticipate  changes  from  one  steady- 
state  condition  to  another.  A  large  part  of  "converting"  from  one  aircraft  to  another  is  learning  what 
power  settings  are  (required  to  produce  the  d  sired  steady  state  condition;  The  sooner  this  Is  learned  and 
the  more  easily  it  is  performed  the  sooner  speed  control  becotr'is  virtually  an  "open-loop"  rather  than  a 
"closed-loop"  piloting  task.  •  I 

»  , 

(xiii)  Guidance  Information:  One  approach  to  the  V/STOL  guidance  probloin  implies  that  automa¬ 
tion  in  the. form  of  ar.  automatic  landing  system  will  be  required  to  achieve  satisfactory  results  in  this 
more  demanding  V/STOL  aircraft  task,  Assuming  satisfactory  levels  of  stability  and  control  characteristics, 
however,  it  may  be  possible  and  desirable  to  leave  Che  pilot  in  command  and  take  advantage  of  his  inherent 
flexibility  and  valuable  decision-making  capabilities  an-  incorporate  the  automation  in  the  "black  boxes" 
that  drive  his  displays .  They  could  then  look  after  the  programming  requirement;  in  a  much  more  efficient 
manner  leaving  the  pilot  the  task  of  satisfying  their  vtds  in  the  manne  most  suitable  for  the  sit aa cion. 
The  display  of  desired  ground  speed  and  rate  of  descent  information  it:  the  manner  recommended  above  '  .1 
par]:s  (ii)  and  (iv)  is  a  first  step  in  providing  such  guidance  information. 

In  general,  guidance  systems  for  use  with  V/STOL  aircraft  performing  instrument  approaenes 
have  to  be  as  accurate  as  those  usdc'  by  convention;.'  aircraft,  but  need  different  characteristics.  The 
conventional  aircraft  must  be  guided  to  a  particular  ground  track  while  maintaining  an  airspeed  above 
some  minimum  value.  The  V/STOL  aircraft,  on  the  other  hand,  need  not  be  restrained  within  such  tight 
limits,  since;  its  inherent  versatility  allows  a  wide  range  of  both  artical  apd  horizontal'  approach  paths 
that  may  be  straight  or  curved  and  the  landing  spot  may  be  approached  from  a  variety  of  directions. 
Comparable  accuracy  is  required,  however,  to  indicate  tr  tne  pilot  where  he  is  in  relation  to  the  desired 
approach  path  and  to  the  Handing  spot . 

:  I  •' 

The  guidance  information  required  includes:  > 

*  I 

(a)  Vertical  Flight  Path’  Error:  As  is  outlined  above,  V/STOL  aircraft  (are  capable  of  a  great 
variety  of  vortical  approach  profiles7*but  due  to  fuel  <.  onsumption,  obstacle  avoidance  and/or  handling 
qualities  considerations,  particular  glide  path  shapes,  no  doubt,  wi^.1  be  preferred.  Where  this  in  the 
case,  the  pilot  must  be  supplied  with  information  on  how  well  he  is  adhering  to  the  required  approach  path 
and  tnis ,  probably,  would,  be  accomplished  best  though  a  display  of  the  orror  frorn  the  desired,  path.  The 
guidance  laws  suggested  for  the  rate  of  descont  and  ground  spend  give  orte  solution  to:  this  problem.  The 
main  objection  to  this  approach,  if  used  in  isolation,  is  that  the  pilot  could  do  a  fine  job  of  following 
the  commanded  rate  of  descent,  but  be  well  below  the  desired  ground  speed.  The  result  would  be  a  flight , 


■  !U  !  I  ll  ^1" 


11 


path  much  lower  than  the  optimum  shape  and  possibly  low  enough  to  cause  premature  contact  with  the  ground. 

One  solution  to  this  problem  would  be  to  ensure  a  rate  of  climb  is  commanded  when  the  aircraft  is  below 
the  desired  approach  path.  Another  would  be  to  display  flight  path  error  itself,  further  research  is  re¬ 
quired  to  determine  which  is  more  desirable. 

(b)  lateral  Positions  Obviously,  on  a  guided  approach  some  display  of  lateral  position  with 
respect  to  the  desired  ground  track  is  needed.  The  form  that  this  takes  depends  very  much  on  the  nature 
of  the  guidance. 

Approach  types  can  be  subdivided  into  those  where  there  is  a  preferred  or  mandatory  direction 
of  approach  irrespective  of  wind  (such  as  may  be  dictated  by  obstacles)  and  those  where  direction  is  se¬ 
condary  to  the  necessity  of  pointing  into  wind.  In  the  first  of  these,  the  aircraft  could  find  itself 
heading  in  a  vastly  different  direction  from  its  track  (even  approaching  90  degrees  close  to  the  hover  if 
the  wind  is  perpendicular  to  the  approach  direction)  and  a  simple  cross-track  indication  could  be  quite 
misleading.  It  is  fait  that  for  at  least  the  next  generation  of  V/STOL  aircraft,  instrument  approaches 
will  have  to  be  constrained  to  straight  line  tracks  within  an  angular  sector  to  the  wind  such  that  the 
maximum  "crab"  angle  never  exceeds  approximately  30  degrees.  Whether  this  will  be  so  or  not,  the  pilot 
should  be  informed  of  the  wind  direction.  It  is  too  much  to  expect  the  pilot  to  be  able  to  cope  with 
conditions  requiring  simultaneous  descent,  deceleration,  turning  to  account  for  changing  approach  direc¬ 
tions  and  yawing  to  maintain  the  lateral  acceleration  zero  using  instrument  cues  only.  This  is  an  area 
in  which  further  research  is  required,  since  there  are  operational  situations  in  which  curved  approach 
paths  would  be  advantageous. 

The  above  sections  attempt  to  outline  the  parameters  required  by  the  pilot  to  enable  him  to 
accomplish  instrument  approaches  followed  by  a  visual  landing  in  V/STOL  aircraft.  The  following  chapters 
deal  with  various  problems  that  have  been  encountered  and  are  anticipated  in  providing  this  information 
in  the  most  suitable  form. 

6.  HUMAN  ENGINEERING  ASPECTS 

Prom  a  human  engineering  point  of  view,  visual  displays  still  divide  into  two  main  families, 
conventional  and  electronic  displays.  Conventional  electromechanical  displays  are  almost  exclusively 
head-down,  and  partake  of  a  continuing  pilot  folk-lore  associated  with  reliability  and  little  demands 
by  way  of  mechanical  comprehension.  Electronic  displays  can  paint  nearly  any  surface  nearly  anywhere, 
and  participate  in  a  folk-lore  (almost  mystical  since  not  as  yet  stabilised)  associated  with  continuous¬ 
ly-breaking  TV  sets  and  omniscient  computers.  It  may  be  20  years  before  the  aerospace  world  i#  rid  of 
these  two  inadequate  and  stultifying  groups  of  ideas. 

It  is  therefore  difficult  to  maintain  objectivity,  but  cur  honest  view  is  that  conventional 
dial -type  instruments  are  just  too  restrictive  to  accept  the  variety  of  information  relating  to  V/STOL 
approach  and  landing.  They  have,  at  the  least,  an  insufficiently  large  display  area  or  an  inability 
to  perform  the  required  mode-switching.  What  follows,  then,  is  conditioned  by  a  prejudice  in  favour  of 
electronic  display  forms. 

One  generality,  however,  holds  whatever  display  form  is  considered.  This  is  the  recommendation, 
emerging  quite  forcibly  from  a  growing  body  of  research ,  that  the  human  pilot  should  be  treated  neither 
as  a  continuous  servo-controller,  solely,  nor  as  a  continuous  monitor,  solely.  The  former  type  of  task  taxeB 
musculature  without  adequately  involving  brain,  while  the  latter  type  of  task  involves  neither  musculature 
nor  brain  sufficiently  to  maintain  an  appropriate  alertness. 

To  consider  electronic  displays,  one  first  has  to  observe  the  normal  Head-Up/Head-Down  Display 
distinction  (HUD/HDD),  It  may  often  be  desirable  to  have  aircraft  information  displayed  in  a  location 
approximating  that  of  forward  terrain  etc,  and  this  can  best  be  achieved  with  HDD.  A  HDD  combining  a 
TV  picture  overlayed  with  guidance  information  can  be  used  but  denies  the  value  of  more  peripheral  vision. 

Soma  claims  that  HUD  reduces  pilot  workload  arise,  in  a  sense,  from  muddled  thinking.  A  super¬ 
imposed  display  can  not  naturally  be  interpreted  simultaneously  with  the  underlying  real  world  view.  The 
pilot  still  retains  an  attention-switching  task  in  all  but  exceptionally  overlearned  situations  (eg,  about 
the  fifth  and  subsequent  repetitions  of  the  perfect  ILS  to  the  home  field).  Real  claims  about  reduced  work¬ 
load  should  stem  from  the  computing  and  CRT  limitations  which  have  forced  designers  to  appraise  more  ana¬ 
lytically  just  what  should  be  displayed  (but  this  applies  to  HDD  too)  plus  a  reduced  need  for  visual  refixation 
and  re-accoaodation  (head-down  to  head-up  and  vice  versa). 

The  prime  human  engineering  criticism  of  HUDs  to  date  is  their  vulnerability  to  stray  light. 
Compared  to  HUDs,  HDD's  can  bo  shrouded,  can  be  provided  with  a  wealth  of  field  lens  and  honeycomb  filter 
devices,  and  cm  not  be  impaired  by  dazzle  sources  ot  those  critical  shallow  angles  around  90°  to  the  dis¬ 
play  face.  In  addition,  they  do  not  have  to  be  so  bright  to  make  an  acceptable  contrast  with  their  imme¬ 
diate  surroundings,  so  the  eye  is  allowed  to  work  in  a  lower  light  adaptation  field.  This  in  turn  allows 
a  display  of  wider  dynamic  range  head-down.  It  turns  out,  however,  that  desirable  HDD's  (eg,  TV  screens) 
require  development  in  terms  of  brightness  output. 

A  common  criticism  of  HUDs  is  their  limited  field  of  view.  Unfortunately,  discussion  of  this 
topic  still  rests  on  opinion  rather  than  data-  Fields  of  view  of  only  8°  have  been  used  satisfactorily 
in  pre-production  CTOL  vehicles,  and  12°  -  15°  fields  are  certainly  usable  in  production  CTOL.  Experience 
so  far  with  a  military  V/STOL  aircraft  indicates  that  a  field  of  view  between  11°  and  20°  (depending  on 
one's  definition)  is  quite  acceptable.  Nevertheless,  fields  of  view  between  40°  and  60°  are  often  mooted. 

Here  is  a  topic  to  which  research  attention  has  long  been  overdue. 

Conventional  displays,  once  individual  human  factor  problems  had  been  attended  to,  could  still 
be  practically  illegible  because  of  two  main  kinds  of  misdesign.  First,  thero  could  be  so  many  on  the  panel 
that  the  average  eye  never  got  around  them  in  the  time  available.  Secondly,  each  could  turn  out,  in  con¬ 
text  ,  to  be  so  overburdened  with  non-combinable  information  that  the  average  visual  cortex  never  arrived 
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at  the  truth  in  time.  Electronic  displays  are  not  generally  offered  on  the  basis  of  their  ability  to  re¬ 
duce  saturation  in  the  cockpit  in  the  first,  geographical,  sense.  They  remain  susceptible,  however,  (in 
relation  to  the  second  objection  to  conventional  displays)  in  that  they  can  still  display  too  much  in¬ 
formation,  This  is  less  likely  to  happen  though,  since  electronic  display  elements  are  generally  the  re¬ 
sult  of  some  considerable  calculation  anyway,  and  this  makes  it  easier  to  combine  information  sensibly 
before  displaying  it. 

One  levels  two  main  criticisms  at  electronic  displays,  '‘clutter"  and  "coning  of  attention" 
(although  neither  should  be  reserved  for  electronics  exclusively).  By  display  "clutter"  one  usually  means 
that  a  large  proportion  of  the  display  surface  is  painted  with  scales,  symbols,  etc.  By  "cooing  of  atten¬ 
tion"  one  normally ^refers  to  a  problem  of  fascination  by  a  data-rich  display  which  banishes  interest  in 
all  else.  Conventional  displays,  too,  can  be  either  too  scribbled  or  too  important  to  lose.  In  either  dis¬ 
play  family,  the  underlying  problem  is  to  select  the  essential  and  desirable  information,  and  draw  it 
concisely  and  without  confusion.  In  particular,  with  electronic  displays  care  should  be  taken  not  to 
overuse  their  inherent  capabilities,  and  not  sense -compute-display  all  the  parameters  in  the  flight  dy¬ 
namics  text-book. 

Few  tactics  exist  for  information  selection.  In  the  past,  lists  of  information  requirements 
for  conventional  fixed-wing  .aircraft  show  little  concordance  in  detail.  Perhaps  their  conception  has 
been  marred  by  a  thinking  too  rigidised  by  what  systems  and  displays  exist  now  and  what  pilots  happen  to 
have  noticed  about  them.  Similarly,  pilot  task  analyses,  pilot  eye  movement  link  analyses,  the  whole 
practicable  gamut  of  laboratory  "workload"  rituals,  all  tend  to  conformity  because  one  can  measure  only 
the  here  and  now.  It  is  a  basic  logical  fault  to  infer  the  desirable  from  the  present  case.  Wa  are  there¬ 
fore  left  with  the  individual  creative  leap,  usually  met  in  the  form  of  cautious  trial  and  error. 

Once  the  parameters  to  be  displayed  have  been  estimated  (as  in  Chapter  5) ,  two  further  major 
compromises  remain  to  be  made.  Systematically,  the  first  would  be  to  select  the  level  of  data  sophisti¬ 
cation,  the  second  to  select  scaling  values.  Only  then  should  one  consider  display  symbol  geometry.  In 
practice,  the  three  go  on  quasi-concurrently ,  since  no  evaluation  could  otherwise  proceed  (not  even  the 
1-test -pilot-oration  method)  if  it  were  not  to  be  almost  entirely  vacuous.  By  level  of  data  sophistica¬ 
tion,  we  refer  to  integration,  inner  versus  outer  loop  control  choices,  and  other  factors  as  those  pre¬ 
viously  discussed  in  Chapter  4.  By  scaling  values,  we  mean  the  angular  subtense,  at  the  pilot’s  eye, 
of  an  increment  of  the  displayed  parameter. 

The  more  sophisticated  the  data  level  driving  the  display,  the  more  remote  the  pilot  becomes 
from  the  source  data,  and  the  further  he  must  regress  in  a  failure  case.  There  is  research  (Ref.  7,  8)  to 
suggest  that  the  development  of  controlling  skill  includes  a  progressive  ability  to  concentrate  more  on  the 
slower-acting  outer-loops.  If,  however,  pilots  experience  only  displays  which  permit  outer-loop  decisions, 
they  are  unlikely  to  be  adept  at  controlling  the  higher-frequency  inner-loop  activities  on  which  life  also 
depends.  There  is  therefore  an  important  "reversionary  mode"  training  programme  to  consider.  Without  such 
training,  the  pilot's  adaptation  to  a  failed  system  is  a  lengthy  affair  (Ref.  9)  entailing  any  gain  change, 
then  lead/lag  equalization,  then  error  input  spectrum. 

At  the  start  of  the  Chapter  we  gave  our  view  that  conventional  displays  lacked  effective  sur¬ 
face  area.  A  consideration  of  display  scaling  usually  takes  aircraft  altitude  as  the  severest  example, 
and  this  will  make  our  point.  For  here,  the  pilot  may  at  times  be  interested  in  an  accuracy  of  better 
than  0.01%  of  full  scale  (eg  5ft  in  a  50,000  ft  range).  This  can  not  bo  achieved  safely  by  multi -indi¬ 
cator  means  (eg  the  dangerous  3-pointer  altimeter)  and  demands  numeric,  expanded  scale,  or  selected  scale 
techniques.  All  are  physically  simplor  for  electronic  display  forms,  given  adequate  computing.  Note  here 
that  displayable  sensitivity  need  not  be  the  same  as  controllable  sensitivity.  To  continue  the  altitude 
example,  the  pilot  may  need  to  know  what  is  being  left  uncontrolled,  say,  to  the  nearest  1  ft,  while  ho 
does  what  ho  can  about  it  only  to  the  nearest  10  ft . 

* 

The  display  of  engine  parameters  has  apparently  received  much  less  research  attention  than 
that  devoted  to  flight  displays.  There  is  at  least  an  undercurrent  of  opinion  that  for  power  plant  and 
thrust  management  electronic  displays,  again,  might  hold  the  future.  Here,  developments  could  reflect 
recent  trends  in  ground  tost  equipment,  where  a  large  number  of  check  points  is  quickly  cycled  through, 
and  the  information  displayed  is  limited  to  out -of -tolerance  data  only. 

Note  here  that  numeric  indicators  can  permit  at  Aast  some  rate  appreciation,  but  s  display 
embodying,  say, 3  to  5  simultaneously  changing  numeric  indicators  can  be  very  demanding  perceptually. 
Certainly,  a  low  limit  should  be  placed  on  the  number  of  indicators  grouped  in  this  wey.  Note  also  that 
some  research  (perhaps  specific  for  each  vehicle /operation)  will  be  needed  to  establish  how  long  an  in¬ 
dividual  numeric  indication  must  be  retained  for  the  pilot  to  be  sble  to  read  it.  Unsystematic  obser¬ 
vations  suggest  that  a  hold  tima  around  0.7  sec  before  changeover  may  be  sensible. 

Something  peculiar  to  electronic  displays  is  thair  promise  of  pilot 's  view  simulation  (con¬ 
tact  analogue  displays).  This  is  such  a  fetching  toy  that  people  have  tended  to  forget  what  proportion 
of  fatal  accidante  occurs  in  perfect  weather  at  the  home  field.  There  seems  no  acceptable  compromise  bet¬ 
ween  clutter  on  the  one  hand  (eg  full-colour  TV)  and  lack  of  cues  on  the  other  (eg  height  perception 
difficulties),  CRT  line  drawings  of,  for  instance,  major  runway  linear  features  are  abysmally  inadequate 
compared  to  tho  perfect  view  out,  and  even  this  view  out  hss  been  known  to  need  supplementation  since 
the  first  19th  Century  barometer  was  used  to  assess  height.  This  simple  need,  to  be  given  better  than 
naked  eye  pictures,  has  in  the  past  been  adequately  met  by  conventional  dials.  However,  with  the  addi¬ 
tional  needs  of  V/STOL,  these  are  likely  to  be  almost  totally  inadequate.  To  offer  pilots  less  than  the 
Wright  Brothers  had,  that  is,  to  offer  tho  pure  contact  analogue,  is  certainly  not  acceptable  in  the 
V/STOL  case. 


On  the  other  hand,  to  provide  a  reliably  accurate  real-world  overlay  may  have  a  use.  If,  for 
example,  the  linear  runway  skeleton  referred  to  is  on  a  KUD  (and  is  not  the  prims  landing  data  source)  it 
could  be  a  transitory  aid  in  showing  tho  pilot  where  the  real  runway  will  appaar.  In  the  case  of  V/STOL 
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aircraft  this  may  be  impossible  because  of  the  limited  field  of  view  con^ared  with  likely  landing  site 
locations.  The  required  overlay  accuracy  has  not  been  reached  to  date,  however,  and  in  eny  case  a  sym¬ 
bolic  display  would  be  just  as  effective.  Helmet  mounted  displays  might  alleviate  this  pi 'bleu,  but  they 
are  fraught  with  problems  of  their  own  (of  axis  transformation,  head  position  pick-off,  etc). 

V/STOL  flexibility  is  bought  at  the  price  of  two  or  so  additional  channels  far  the  pilot  to 
have  to  control.  Furthermore,  the  transfer  from  aerodynamic  to  engine  lift  during  the  lave  approach  means 
that  conventional  stick  or  thrust  controls  undergo  a  marked  change  of  use.  Research  is  needed  to  study 
how  well  pilots  cope  with  this  situation ,  and  also  to  investigate  whether  a  more  radical  control  design 
(eg  separate  translation  control  for  each  of  tho  three  axes)  is  justified.  This  could  lead  into  some  con¬ 
sideration  of  crew  canplement ;  given  a  crew  of  two,  one  might  conceivably  attend  to  speed,  the  other  to 
flight  path  control,  for  example  (Ref.  10). 

In  the  final  approach,  V/STOL  aircraft  raise  problems  relating  to  external  view  and  cockpit 
accelerations  which  have  no  exact  counterparts  in  CTOL  vehicle  operations.  If  the  view  down  and  to  the 
sides  is  much  increased,  as  is  desirable  to  allow  visual  cues  to  be  utilized  late  in  the  landing,  th#i\ 
the  lines  of  the  instrument  panel  edges  no  longer  provide  attitude  reference,  and  this  may  have  to  be 
added  (by,  for  example,  some  form  of  windshield  markings).  As  to  cockpit  acceleration  cues,  these  are 
for  the  most  part  unusual  because  of  the  low  speed  regime  in  which  the  aircraft  is  operating.  For  example, 
normal  acceleration  would  scarcely  increase  due  to  incidence  changes  and  stick  forces  might  change  in^xir- 
ceptibly  with  airspeed.  The  lack  of  these  cues  requires  that  several  information  parameters  receive 
different  emphases  to  the  CTOL  case. 

7,  SURVEY  OF  CURRENT  V/STOL  DISPLAYS 

An  attempt  has  been  made  in  Chapter  5  to  establish  the  information  that  must  be  displayed 
to  the  V/STOL  aircraft  pilot  during  instrument  approaches.  The  current  practice  of  displaying  most  of 
these  parameters  on  separata  instruments  on  the  panel  leads  to  considerable  human  factor  problems  and 
pilots  report  an  extremely  high  -  if  not  intolerable  -  workload. 

It  is  not  sufficient,  therefore,  3imply  to  ensure  that  the  data  is  there  somewhere,  it  must 
be  displayed  in  an  ergonomically  acceptable  fashion.  This  leads  to  the  combining  of  several  parameters 
into  one  display  area  or  into  one  single  combined  element.  The  latter  approach,  typified  by  replacing 
an  actual  and  a  desired  parameter  by  a  display  of  the  error,  can  be  a  powerful  technique  if  used  with 
caution.  In  general  one  talks  of  "combined"  displays  where  separate  parameters  are  closely  co-located 
and  "integrated"  displays  where  several  parameters  can  be  observed  or  deduced  from  the  same  display  ele¬ 
ment.  Tho  display  designer  should  work  closely  with  the  systems  designer  to  ensure  that  the  best  use 
is  made  of  these  different  techniques.  Nothing  is  more  unproductive  than  an  argument  between  entren¬ 
ched  protagonists  of  "situation"  displays  on  one  hand  and  "director"  displays  on  the  other.  Both  could 
be  noedod  in  a  difficult  situation.  In  the  following  discussion  it  should  not  bo  assumed  that  the  details 
are  applicable  in  every  case  -  they  are  merely  illustrations  of  the  possibilities  that  exist. 

The  human  oye,  absorbing  information  from  the  outside  world,  sees  everything  in  angular  terms 
and  the  single  eye  has  no  "ranging"  ability  over  a  few  feet.  Even  with  two  eyas  the  range-finder  effect 
disappears  at  a  surprisingly  short  distance  and  range  is  deduced  from  a  combination  of  previous  history 
and  the  change  of  picture  with  dynamic  movement.  Everyone  is  familiar  with  the  misjudgement  of  size  that 
occurs  in  fog  and  the  apparent  nearness  of  very  distant  scones  when  the  atmosphere  is  abnormally  clear. 

In  a  visual  landing,  therefore,  a  pilot  is  fairly  confident  about  the  angular  placement  of 
various  objects  (including  tho  ground!  but  he  is  remarkably  deficient  on  judgement  of  range  and  range 
rate.  This  is  shown  in  conventional  landings  by  the  largo  scatter  of  touch  down  points  that  occur  even 
when  the  pilot  is  provided  with  height.  If  the  outsido  scene  is  somewhat  deficient  ir.  detail  (as  at  night) 
the  situation  can  (and  unfortunately  sometimos  does)  become  fatally  dangerous.  It  is  possible,  howevar, 
by  choosing  different  sots  of  axes  for  a  display,  to  present  certain  parameters  in  a  form  that  permits 
visual  judgement  of  quantity.  Thus  a  forward  looking  type  of  display  (Vertical  Situation  Display),  ana¬ 
logous  to  the  normal  view,  has  difficulty  in  conveying  a  souse  cf  range  but  a  plan-position  view  (Hori¬ 
zontal  Situation  Display)  conveys  it  admirably.  Similarly  while  both  of  these  can  not  convey  height  direct¬ 
ly  (although  some  ingenious  but  tricky  techniques  have  been  used  with  the  VSD)  it  can  be  easily  done  by  e 
sideways  looking  display  (Profile  Display).  A  survey  of  displays  which  have  been  used  experimentally  or 
proposed  for  V/STOL  work  shows  how  different  designers  have  attempted  to  solvo  theso  problems. 

The  displays  considered  here  are  only  those  concerned  with  the  landing-approach  of  V/STOL 
airplanes.  This  means  that  other  types  of  displays,  such  as  engine,  navigation  and  tactical  display*, 
are  disregarded  in  this  chapter. 

For  the  survey  a  division  in  three  groups  has  been  made: 

a)  Separated  vertical,  horizontal  and  profile  displays 

b)  Perspective  displays 

c)  Combined  vertical-horizontal  displays. 

7.1  Separated  displays 

These  displays  make  use  of  a  conventional  cockpit -instrument  lay-out  sometime*  together  with 
a  moving  map. 

Several  concepts  have  been  investigated  in  flight,  including  a  combination  of  a  conventional 
attitude  director  indicator  (ADI)  with  a  cross  pointer  type  horizontal  situation  indicator  (HSI)  evaluated 
by  NASA  with  a  helicopter  not  equipped  with  artificial  stabilization  equipment  (Ref.  11).  The  ADI  provided 
indications  of  the  roll  and  pitch  attitude  and  the  glide  elope  deviation  together  with  e  control-coasand 
(flight -director)  signal  for  course  control.  Small  vertical -scale  instruments  presented  airspeed,  ground 


"PSSPBS*  'I  WB  W  JI'WI  WJJ.H  JiP.'H1 pw  WPWP 


14 

speed,  rang*  and  height .  Tha  flight  tests  ware  performed  under  simulated  ISC  along  a  6°  glide  slope  at  con¬ 
stant  speeds  of  30  and  60  knots.  Approaches  at  30  knots  to  a  SO  ft  break-out  appeared  to  be  possible  for  skil¬ 
led  well-trained  pilots  but  the  workload  wau  considered  to  be  quite  high,  even  during  these  constant  speed/ 
constant  glidapath  approaches.  Improved  stabilisation  might  have  alleviated  tbic  oroblem.  The  operational 
suitability  of  the  display  tested  in,  however,  doubtful. 

NASA  repeated  the  sane  type  of  evaluation  triale  with  the  display  shown  in  fig.  6  (Ref.  12). 

Tht  differenct  from  the  former  display  is  primarily  the  replacement  of  the  cross-pointer-type  instrument 
by  a  moving  map  display.  This  change  had  a  favourable  influence  on  pilot  opinion,  mainly  because  the  mo¬ 
ving  map  gave  «  direct  indication  of  heading  with  respect  to  the  landing  site.  Changes  in  scale  of  the 
moving  map  appeared  to  be  necessary  during  tha  approach,  hut  it  was  found  that  pilots  were  able  to  adapt 
readily. 


Tha  same  type  of  display  system  was  tested  during  constant  speed  (45  knots)  simulated  IHC 
approaches  (6°  glide  slope)  in  a  helicopter  equipped  with  a  stability  augmentation  system  (Ref.  13).  The 
ADI  was, in  this  case, fitted  with  a  vertical  needle  indicating  the  commanded  roll  control  position.  The 
results  indicated  that  the  pilot  could  perform  acceptable  approaches ,  but  the  flight  director  indicator 
required  considerable  attention  resulting  in  the  pilot  having  some  doubt  as  to  the  overall  status  of  the 
approach. 


The  same  aircraft  display  system  (complemented  by  a  normal  ILS  crosspointer  indicator)  has 
been  used  by  NASA  during  deceleration  approaches  to  an  instrument  hover  along  a  6°  flight  pat’  (Ref.  lit). 
Hovering  trials  under  simulated  IHC  during  this  program  indicated  that  the  accuracy  with  which  the  pilot 
was  able  to  stay  over  a  desired  spot  depended  heavily  on  which  displays  he  emphasised .  Using  only  map  suid 
altimeter  resulted  usually  in  aborts  with  excursions  exceeding  several  hundreds  of  feet.  In  other  tests, 
with  the  pilot  instructed  to  share  his  attention  between  the  directors  and  situation  displays  the  accuracy 
was  only  half  as  good  as  when  the  flight  director  received  full  attention.  In  the  latter  case  tha  accuracy 
was  very  good  with  the  pilot  able  to  hold  any  point  of  the  aircraft  within  a  35  ft  diaceter  circle  almost 
indefinitely.  Fig.  6  compares  the  resultr  obtained  in  IHC  with  those  in  VMC. 

It  is  difficult  from  the  above  trials  to  sort  out  how  much  benefit  the  essentially  horizontal 
director  display  derivuu  from  being  superimposed  on  the  attitude  situation  indicator,  but  improvement  of 
flight  director  and  situition  information  integration  is  necessary.  Also  the  flight-director  logic  needs 
refinement.  During  the  decelerating  trials  the  pilots  were  found  to  be  ignoring  director  demands  if  they 
called  for  large  pitch  attitudes  which  indicates  that  certainly  monitoring  of  the  situation  information 
took  place.  Would  these  limits  havo  bean  tightened  if  the  attitude  display  had  been  separate  from  the 
directors?  Despite  the  excellent  performance  on  directors  and  the  deterioration  when  situation  scanning 
was  added  the  pilots  expressed  a  lack  of  confidence  in  directors  alone.  Flight-director  information  im, 
however,  thought  to  be  essential  for  performing  approaches  to  a  hover  at  the  pad. 

If  the  information  presented  by  the  two  instrument  displays  described  above  is  coaipared  with 
the  inforoBtior.  required  for  IHC -flight  (see  Chapter  5)  it  is  found  that  most  information  is  present,  but 
in  seme  cases  implicitly.  The  difficulties  encountered  in  controlling  the  helicopter  originated  partly 
from  display  lay-out  deficiencies  and  partly  from  the  vehicle  stability  characteristics. 

Profile  dieplays,  in  which  the  sideways  view  of  the  situation  is  given,  have  not  been  exten¬ 
sively  used  or  tasted.  However,  work  has  shown  (Ref.  15)  that  this  type  of  display  provides  useful  sltu- 
at'on  information  to  support  or  confirm  guidance  information  which  the  pilot  receives  from  another  source 
(generally  the  flight  director).  By  providing  the  aircraft  symbol  in  the  Profile  Display  with  m  flight 
vector  pointer  it  is  theoretically  possible  to  use  this  as  a  flight  director  in  the  vertical  plana  but 
problems  of  scale  tend  to  offset  this  capability  and  the  display  is  probably  best  considered  as  an  ancillary 
situation  display. 

7.2  -Perspective  displays 

Sovoral  types  of  perspective  displays  are  proposed  and  some  have  bean  tested  during  approaches 
in  helicopter*  and  in  ground-baaed  simulators.  Host  of  them  give  a  sysholirod  view  of  the  outside  world 
as  viewed  by  the  pilot  from  the  cockpit,  sometimes  complemented  by  s  pathway  in  vha  sky  (Tig.  7).  For 
a  more  complete  review  of  perspective  displays  reference  can  be  avsde  to  Ref.  16. 

A  conclusion  of  a  NASA-tested  contact-analog  display  in  the  landing  approach  (Ref.  17)  wgs 
that:  'Vdeapito  the  deficiencies  in  the  con  tact -analog  presentation  the  pilots  were  of  the  opinion  that 
the  combined  presentation  of  attitude  and  guidance  information  in  a  single,  perspective  format  represented 
an  improvssent  over  the  separated  vertical-  and  horizontal-situation  presentation  of  two  of  the  displays 
previously  tested  at  Langley  Research  Center". 

This  nay  illustrate  the  usefulness  of  combined  vertical  ar.d  horijontal  displays.  It  Is,  however, 
dubious  whether  a  perspective  display  is  the  best  way  to  present  this  information.  For  instance,  the 
judgement  of  altitude  wight  be  difficult,  as  vmntiooed  in  Chapter  6.  To  quot*  a  US  Navy  simulated  exercise 
(Ref.  10): 


"Subjects  had  difficulty  in  judging  vertical  position  even  under  conditions  in 
which  range  to  touchdown  was  held  constant  and  subjects  were  given  unlimited  time 
for  asking  the  ad justaents". 

NASA  ,  in  an  effort  ts  atuiy  these  problems  further,  is  now  in  the  process  of  developing  a  simu¬ 
lated  "reel-world"  display  using  a  S-61  teat  helicopter.  The  objective  is  to  determine  what  real-world  cu&s 
are  needed  to  perform  e  deceleration  and  landing.  A  TV-picture  is  taken  from  a  standard  simulator  nodel 
terrain.  The  necessary  information  tor  controlling  the  ground  based  TV-canem  above  the  modelled  terrain 
is  partly  telemetered  from  the  aircraft  and  partly  obtained  from  a  ground-based  tracking  radar.  The  pic¬ 
ture  is  broadcast  to  the  helicopter  end  displayed  on  a  monitor.  The  use  of  glide-tilope  and  touchdown -po- 
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sition  symbols  In  the  model  terrain  is  envisaged.  The  interplay  between  handling  qualities  and  display 
requirements  will  be  investigated  by  varying  the  artificial  stabilizer  characteristics. 

7.3  Combined  displays 

From  the  work  described  in  Section  7.1  there  is  clearly  a  need  for  a  display  which  combines 
some  form  of  director  with  the  horizontal  and  vertical  situation  so  that  the  pilot  can  monitor  the  one 
with  the  other.  There  is,  in  fact,  much  evidence  to  show  that  a  pilot  will  judge  how  closely  ho  needs  to 
obey  the  director  commands  by  reference  to  his  situation.  This  is  not  an  undesirable  state  of  affairs, 
provided  it  is  used  with  caution,  and  can  contribute  greatly  to  easing  the  overall  workload. 

In  the  following  types  of  displays  the  horizontal  and  vertical  situation  information  has  been 
combined  in  order  to  shorten  the  scanning  cycle  of  the  pilot  in  carrying  out  this  cross-reference.  One 
attempt  to  combine  vertical  and  horizontal  displays  is  that  by  Teldix  (Germany).  Being  largely  an  elec¬ 
tronic  display  (different  modes  can  be  selected  for  navigation,  approach  and  hover.  That  shown  in  Fig.  8 
is  the  hover  display  which  is  principally  a  horizontal  display  with  vertical  information  added.  Thn  main 
features  differ  markedly  from  the  NASA  display  (Fig.  5)  and  merit  comparison.  The  ADI  used  in  the  NASA 
trials  was  entirely  consistent  with  VSD  principles.  Even  the  horizontal  cross  pointer  was  virtually  a 
pitch  director  since  in  the  helicopter  range-rate  was  controlled  via  pitch.  In  the  Teldix  display,  however, 
there  is  super  imposition  of  a  straightforward  VSD  (aircraft  symbol,  horizon,  glidepath  zero-reader  type 
cross  pointers)  and  an  HSD  (compass  rose,  truescale  range  circles,  landing  pad).  In  addition,  there  is 
shown  a  very  important  parameter  -  the  ground  speed  vector,  represented  as  a  line  of  variable  length 
pointing  in  the  appropriate  direction.  As  all  of  these  are  given  as  abstract  symbols  the  pilot  has  to  learn 
to  disentangle  the  information  appropriate  to  each  axis.  This  particular  display  has  not  yet  been  flovrn  , 
but  extensive  ground  based  simulator  testing  has  indicated  a  degree  of  feasibility  (Ref.  19).  The  results 
of  ten  pilots  carrying  out  100  completely  blind  landings  are  shown  in  Fig.  9  where  it  is  seen  that  most 
touchdowns  were  within  a  circle  of  5  metres  radius.  Of  course,  the  limitations  of  a  fixed-base  simulator 
without  the  psychological  affects  of  real  flight  have  to  be  allowed  for  and  such  results  would  need  sub¬ 
stantiating  in  flight  trials  but  they  are,  at  least,  encouraging.  Even  making  allowance  for  the  difference 
between  simulator  and  flight  tests  it  is  interesting  to  analyse  the  success  cf  hovering  with  the  Teldix 
and  NASA  displays.  The  NASA  experiment  using  a  moving  map  alone  was  unsuccessful  whereas  the  Teldix  dis¬ 
play  and  the  NASA  trials  with  flight  director  were  successful .  The  answer  most  likely  lies  in  the  pre¬ 
sence  of  the  speed  vector  which  is  shown  explicitly  in  the  Teldix  display  and  is  implicit  in  the  cross¬ 
pointer  (fed  by  ground  speed  deviation  and  pitch  attitude,  that  is,  short  term  ground  acceleration)  in 
the  NASA  ADI. 


An  interesting  conclusion  reached  by  Teldix  was  that  the  expected  confusion  between  horizontal 
and  vertical  typo  symbols  did  not  materialise.  The  limitations  of  ground-based  simulation  may  be  of  par¬ 
ticular  importance  in  this  area,  however,  and  more  work  is  needed  under  flight  conditions.  The  actual 
characteristics  of  the  display  symbology  are  also  very  relevant  in  preventing  confusion  and  the  basic 
nrle  of  avoiding  clutter  probably  takes  on  added  importance. 

Fig.  10  has  been  proposed  from  a  background  of  experience  with  a  display  for  helicopter  sta¬ 
tion  keeping  but  has  not  been  tested,  and  Fig.  11  has  been  evaluated  during  a  fixed-base  sinulation  of  a 
helicopter  and  a  fan-in-wing  VT01  aircraft. 

The  results  of  the  tests  with  the  latter  format  (Integrated  Electronic  Vertical  Display)  showed 
that  INC  steep-angle  approaches  and  landings  are  possible.  It  further  appeared  that  the  effect  of  approach 
node  variation  was  minor.  Therefore,  a  parabolic  mode  was  recommended  because  it  offered  increased  terrain 
clearance  in  the  terminal  area . 

The  head-up  display  shown  in  Fig.  12  is  currently  operational  in  the  U.K.  harrier  V/STOL  air¬ 
craft  but  it  can  bo  seen  to  be  lacking  in  horizontal  situation  information.  This  is  because  it  has  not 
beon  designed  for  IHC.  Combined  displays,  however,  covering  this  case  have  been  proposed  by  RAC  and  ere 
shown  in  Figs.  13  and  19.  These  follow  different  guidance  philosophies  in  an  attempt  to  determine  the 
beet  line  to  follow. 

rig.  13  gives  the  so-called  "guidance"  KUD  proposed  by  RAE  in  which  two  elements  are  supplemen¬ 
ted  to  the  MUD  of  Fig.  12.  One  is  a  trapezium  which  is  driven  verticslly  by  a  function  cf  range  and  range  rets. 
When  the  trapezius  coincides  with  the  aircraft  symbol  the  aircraft  i3  decelerating  correctly.  The  horizon¬ 
tal  displaceMnt  of  the  trapezium  and  the  pyramid  lines  show  the  relative  bearing  to  the  landing  site. 

The  pyramid  is  further  driven  in  the  vertical  plane  by  height  and  height  rate  and  is  used  as  a  flight 
director  for  height  control.  Depending  on  whether  the  aircraft  is  vingborne  or  jetbome  the  pilot  reacts 
to  this  cocnand  by  using  either  hie  control  stick  Or  throttle  as  appropriate.  Simulation  trials  have  been 
successfully  ccmpleted  and  flight  testing  of  the  display  arrangement  in  a  Kestrel  aircraft  is  planned. 

The  "control  director"  HUD  (Fig.  Iu)  follows  another  philosophy .  The  range  in  omation  of  the 
forser  display  hae  been  subetituted  by  symbols  showing  commuted  throttle  error  and  thrust  deflection  angle 
error.  Simulator  atudie#  have  ehown  that  pilots  can  perform  an  accurate  transition  by  the  use  of  the  direc¬ 
tors,  The  pilot'*  workload  appeared  to  be  very  much  reduced  by  the  autcowtic  computet idn  of  the  inter¬ 
change  of  roles  of  control  column  arvd  throttle  in  a  transition.  An  untavourable  effect  of  the  director  dis¬ 
play,  which  ,le  well-known,  appeared  to  be  that  the  pilot  was  not  completely  aware  of  the  true  power  manage¬ 
ment  and  flight  information.  The  preliminary  resulti  of  the  simulation  show  that  experienced  VTOL  pilot* 
prefer  The  "guidance”  display  while  other*  tend  to  tev-xir  the  "control"  display. 

An  atveapt  to  combine  both  vertical  and  horizatal  information  In  a  heed-down  display  proposed 
by  RAE  is  shown  in  rig.  15.  Thl*  shews  a  basic  similarity  to  the  Teldix  display  but  then*  ha*  been  a  signi¬ 
ficant  elimination  of  the  cross-pointer  vertical  and  lateral  cooeands.  Instemf,  there  i*  a  eeparat*  rate- 
of-deacent  and  required  rat*-of-dosc*nt  scale  and  *  purely  alruatfbn  display  of  lateral  arror.  however, 
the  speed  vector  lit)*  hat  baen  givsn  greetsr  prominence  and  I*  scaled  so  tbit  when  it  is  euperimposmd  over 
or  near  the  landing  pad  »yni>ol  the  aircraft  i*  being  decelerated  *t  the  appropriate  rat*.  This  display  is 
intended  to  permit  considerable  freedom  of  choice  by  the  pilot  in  the  flight  profile  be  adopts  in  getting 
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to  the  pad  -  un  important  V/STOL  capability  which,  if  correctly  used,  can  reduca  total  pilot's  workload 
considerably.  So  far,  however,  this  display  has  been  put  through  simulation  tests  only. 

7,4  Comparison  of  displays  and  requirements 

Comparison  of  the  required  information  in  IHC-approaches  as  stated  in  Chapter  5  with  that 
given  in  the  dicplay  formats  discussed  above  shows  that  some  of  the  newly  proposed  types  fulfil  most 
requirements.  It  should  be  remembered  that  most  of  the  displays  considered  were  tested  on  helicopters 
in  which  angle  of  attack  and  sideslip  limits  are  not  stringent.  This  is  the  reason  that  some  of  the 
displays  lack  information  on  these  quantities.  The  mass  of  information  to  be  absorbed  by  the  pilot, 
usually  in  different  axes,  tends  to  demand  an  integrated  or  combined  display.  There  seems  sufficient 
evidence  to  indicate  that  it  is  possible  to  combine  both  a  horizontal  and  a  vertical  display  in  one  for¬ 
mat  although  the  actual  display  nature  of  any  particular  parameter  depends  on  the  characteristics  of 
the  aircraft,  whether  the  display  is  head-up  or  head-down,  etc.  The  difficult  element  appears  to  be 
height  situation  which  does  not  lend  itself  to  either  HSD  or  VSD.  Further  work  is  needed  in  this  area. 

Before  discussing  detailed  aspects  ,  something  should  be  said  about  other  limitations  of  the 
assessment  conditions  under  which  most  of  the  displays  mentioned  in  this  chapter  have  been  tested. 

7.4.1  Limitations 

Important  conditions  are: 

-  the  number  of  test  subjects.  A  very  limited  number  of  pilots  can  not  possibly  represent  the 
pilot  population.  Furthermore,  results  obtained  from  trials  with  test  pilots  can  be  very  different  from 
those  obtained  if  squadron  or  airline  pilots  are  the  subjects . 

-  the  "test-vehicle" ■  It  is  generally  appreciated  that  simulation,  especially  fixed-base, 
can  not  represent  the  "Final  V/STOL  phase  adequately.  Evan  flying  "under  tae  hood"  with  a  safety  pilot 
aboard  is  definitely  not  the  same  as  flying  alone  under  adverse  weather  conditions  with  a  V/STOL  airplane 
into  restricted  sites.  The  discussion  on  trade-off  between  control  and  display  sophistication  in  Chapter  4 
includes  the  point  that  conclusions  drawn  for  a  particular  display  are  in  actual  fact  only  valid  for  the 
vehicle-display  combination.  This  could  also  mean  that  the  design  of  genoral  purpose  displays  is  unrea¬ 
listic  . 


-  the  task  and  its  measurement .  The  task  presented  to  the  pilot  should  make  full  allowance 
for  the  inherent  flexibility  oftha  V/STOL-aircraf t .  A  proper  yard-stick  for  evaluating  the  performance 
of  the  system  might  be,  for  instance,  the  measurement  of  the  possible  variety  of  approaches. 

7.4.2  Attitude  Control 

In  all  the  displays  outlined  above  there  has  been  a  presentation  of  aircraft  attitude.  The  NASA 
helicopter  by  the  nature  of  the  test  vehicle  could  control  forward  speed  only  through  changes  of  aircraft 
attitude  and  the  demand  was  fed  onto  the  pitch  director.  Similarly,  course  guidance  was  fed  onto  the  roll 
command  bar.  The  role  of  the  attitude  situation  display  was  than  purely  that  of  a  monitor  enabling  tho  pilot 
to  keep  his  responses  within  limits  which  were  dictated  by  his  knowledge  of  what  wau  safe  under  the  height 
and  speed  conditions.  Theoretically  this  limiting  condition  should  not  have  arisen  if  the  pilot  closely 
followed  the  directors  though  the  approach.  However,  tho  tendency  for  a  pilot  to  do  one  thing  at  a  tim« 

(eg  chsngo  speed  or  change  height)  moans  that  errors  in  one  channel  can  sometimes  build  up.  If,  for  example, 
ground-speed  errors  occur,  perhaps  aggravated  by  a  tail  wind  component,  demanding  an  attitude  that  the  pilot 
is  unhappy  with,  and  he  limits  his  response,  the  error  can  possibly  increase  still  further.  He  may  actu¬ 
ally  be  decelerating,  but  only  by  reference  to  the  general  horizontal  situation  can  the  pilot  judge  whether 
he  is  likely,  in  tho  remaining  range,  to  decelerate  sufficiently.  His  judgement  in  this  respect  is  groatly 
aided  by  tha  co-location  of  plan  position  and  speed  vector.  If  the  speed  vector  lino  is  not  shortening  as 
fast  ns  the  pad  is  moving  towards  his  present-position  symbol,  then  he  will  not  make  it  to  the  hover. With 
many  advanced  V/STOL  aircraft  it  is  possible  to  decelerate  without  altering  attitude  through  tho  use  of 
thruat  vector  direction  controls  and  the  pilot  can  control  forward  speed  as  an  independent  parameter.  Under 
these  circumstances  ha  would  normally  keep  the  aircraft  attitude  at  zoro  or  sane  other  constant  angle  end 
the  display  should  similarly  separate  out  the  elements  used  to  convey  information  to  the  pilot  about  these 
two  ieparatu  functions,  nevertheless:,  inadvertent  attitude  changes  can  alter  the  forward  spead  and,  hence, 
interfere  with  the  speed  control.  It  is,  therefore,  desirable  that  these  changes  be  kept  to  a  minitmim  and 
th«  display  of  attitude  should  continue  to  occupy  a  fairly  central  position. 

7.4.3  Height  Control 

Attempts  to  display  height  Information  on  a  VSD  or  HSD  or  a  combined  VSD/HSD  have  beon  ingenious 
bit  tiardly  elegant.  They  range  from  separated  element*  such  as  numbers  (rigs.  17  and  IS)  and  scales  (rig.  16) 

to  Integrated  elements  such  as  pathways  (Fig.  17)  at'  "telegraph  poles"  (Figs.  18  and  19).  The  two  last  named 

are,  of  course,  not  situation  but  error  displays  and  require  further  support  to  give  actual  height  (eg  the 
reference  height:  pole  in  Tig.  19).  On  occasion  the  need  for  height  it*»lx  may  be  partly  psychological  but 
this  is  not  unimportant  and  the  designer  should  assess  very  carefully  the  total  need  before  opting  for  one 
or  another  of  the  various  types  of  display.  In  general,  it  can  be  said  that  height  in  an  integrated  display 

is  a  very  intractable  parameter  and  further  research  is  needed  in  this  area . 

7.4.4  Lateral  Control 

Inforastiuo  for  lateral  control  is  fairly  orally  displayed,  in  both  director  or  situation  font, 
since  either  can  be  represented  in  a  VSD  or  an  HSD  foraat.  Tho  practice  seems  to  be  tc  present  direetca- 
information  in  the  vertical  fora  (as  in  a  conventional  flight  director)  and  situation  in  a  horizontal 
fora  although  there  are  exeptions.  As  was  pointed  out  in  Chapter  5,  with  a  wind  perpendicular  to  the 
desired  trick,  an  aircraft  constrained  to  fly  along  a  fixed  course-line  could  end  up  pointing  at  90°  to 
the  track  and  a  simple  display  of  course  line  deviation  becomes  meaningless  or  confusing.  For  this  reason 


17 


a  situation  display  based  on  a  horizontal  plan  position  format  is  to  be  preferred.  If  wind  direction  can' 
also  be  shown  then  there  is  a  great  improvement  in  the  state  of  knowledge  of  the  pilot. 

8.  AjVANCED  DISPLAY  TECHNIQUES 

Consideration  of  the  discussions  of  previous  chapters  leads  one  to  the  conclusion  .that  conven¬ 
tional  displays  (ie  individual  electromechanical  instruments)  do  not  have  the  flexibility  required  for 
the  V/STOL  approach  and  landing  case,  but  will  still  be  useful  for  the presentation  of  information  that 
does  not  change  its  requirements  throughout  the  flight.  Fortunately,  advancements  in  display  techniques 
(not  particularly  aimed  at  V/STOL)  promise  to  alleviate  this  problem. 

Electronic  displays  have  entered  the  cockpit  for  several  reasons .  These  include : : 

-  the  necessity  to  display  complex  information  to  the  pilot  (decreased  space  and  scan 
cycle  in  comparison  with  mechanical  displays) 

-  the  desirability  of  time  sharing  (decreased  space  and  complexity  in  comparison  with 
separate  single-mode  displays) 

-  the  inct  easing  requirement  of  electronic  head-up  sights  for  sophisticated  nav-attack  1 
purposes , 

Before  describing  the  state-of-the-art  and  the  interesting  features  of  s6me  promising  new 
electronic  display  techniques  it  mignt  be  worthwhile  to  note  very  briefly  scxne  of  the  general  require¬ 
ments  for  cockpit  displays.  These  include: 

-  readable  in  approximately  105  lx  ambient  light  conditions 

2 

-  dimmable  from  maximum  to  0.5  cd/m 

-  100  lines/inch  for  moving  symbols 

-  3  milliradians  for  characters 

-  entirely  dependent  on  displayed  function 

-  at  least  10,000  hr  for  entire  display  desirable .but  at  least 
1000  hr  is  usable 

Power  Efficiency  -  minimum  increases  in  electrical  power  demands  ovor  present  level. 


Brightness 

Resolution 

Accuracy 

Life 


The  interface,  storage  and  character  generation  devices  depend  on  display  techniques  used 
and  will  not  bo  discussed  here.  Where  necessary  special  requirements  will  be  stated. 

The  cathode  ray  tube  dominates  the  electronic  display  field.  This  device  is  well  documented, 
it  is  economic  and  it  has  a  fairly  good  performance.  At  the  present  time  it  is  fair  to  say  that  no  other 
display  technique  can  challenge  the  CRT  in  terms  of  speed  and  cost  and  its  characteristics  sro  such  that 
it  can  satisfy  most  of  the  requirements  lor  brightness,  resolution,  accuracy,  etc.  The  large  tube  volume 
and  its  vulnerability  and  high  power  requirements  are  some  known  disadvantages,  however. 

There  are  some  principal  characteristics  of  CRT  displays  which  deserve  consideration.  These 
are:  (1)  the  method  o.  drawing  the  picture,  -  stroke  writing  or  raster  scan,  (2)  the  method  of  deflection 
-  electrostatic  or  electromagnetic,  and  (3)  the  nature  of  the  deflection  amplifier  -  AC  (tuned)  or  DC. 

Stroke  writing  (sometimes  called  cursive  writing)  defines  a  technique  whereby  the  electron 
boom  of  the  CRT  actually  draws  only  the  line  being  displayed,  whereas  by  the  raster  scan  technique  the 
total  screen  is  filled  with  an  invariable  pattern  of  linos,  the  brightness  of  which  is  controlled  to  pro¬ 
vide  the  required  symbol  or  picture. 

The  advantage  of  stroke  writing  is  the  relatively  low  writing  speed  required  with  a  consequent 

high  brightness  potential.  Dofloetion  by  moans  of  DC-amplir iors  for  the  production  of  complex  pictures 

can  bo  vary  demanding  of  power  in  an  electromagnetic  deflection  system.  An  electrostatic  deflection 
system  does  not  require  high  power,  but  it  does  demand  a  long  cathode  ray  tube  with  attendant  installation 
difficulties.  The  addition  of  shading  or  a  TV-background,  picture  is  impracticable  at  the  present  state 
of  otroke  writing  technique  unless  one  uses  a  combination  of  AC-deflectioo  for  the  TV-plcture  and  DC-de- 
flection  for  stroke  writing  in  the  flyback  period.  This  still  gives  rise  to  considerable  difficulties 
for  airborne  Installations  (See  for  example  Ref.  25). 

Tho  raster  format  has  the  ability  to  draw  full  picturos.  It  involves  a  more  difficult  circuitry, 
however,  and  is  lower  in  brightness  than  the  stroke  writing  displays.  Characters  have  to  he  formed  within 
the  fixed  raster  and  this,  in  general,  leads  to  over-simplification  of  the  symbols  drawn. 

Multicolour  displays  can  be  used  for  information  coding  in  the  cockpit.  Currently  therw  are 

two  techniques  in  use.  Tho  segmented  phosphor  using  coo  or  more  guns  and  an  appropriate  beam  directing 
technique,  and  tho  multilayer  phosphor  with  either  two  guns  or  bean  current  modulation  on  o..e  gun.  Both 
techniques  result  in  a  considerable  loss  of  brightness.  Certain  other  CRT  techniques  being  explored  in¬ 
clude:  (i)  the  use  of  a  mixture  of  phosphors  whose  output  versus  beam  current  is  non-linear  which  can 
produce  colour  changes  with  different  current  densities,  (ii)  miniature  tubes  and  Schmidt  projection 
systems  which  hold  promise  if  they  can  be  made  small  enough,  (iii)  the  flat  CRT  such  as  the  (labor  tube 
and  the  digital  scan  TV  display  which  are  currently  in  the  research  stage,  (iv)  combinations  of  a  CRT  and 
a  moving  nap  display. 
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Laboratory  tests  hava  demonstrated  the  feasibility  of  making  three-dimensional  and  stereo¬ 
scopic  CRT-displays .  These  are,  however ,  far, from  being  used  in  toe  airplane  cockpit  and  their  necessity 
remains  to  be  proven. 

Special : contrast  enhancement  techniques  have  been  employed  and  further  developments  such  as 
polarized  and  fibre  optic  faceplates  and  the  use  of  special  meshes  and  multilayered  phosphor  (so-called 
optical  diode)  are  progressing. 

Light  emitting  diodes  (LED)  have  been  used  in  solid-state  matrix  displays.  Several  types  of 
diodes  (gallium-phosphide ,  gallium-arsenide ,  etc)  have  shown  promise  even  ir  the  presence  of  very  high 
ambient  brightness  levels  (>  10®  lx).  Flight  instruments  with  varying  scales  are  possible  due  to  the 
miniature ] size  of  the  diodes.  Their  vide  viewing  angle,  their  small  mounting  depth,  their  reliability, 
their  storage  potential  and  their  matrix  construction  which  permits  direct  digital  addressing  of  the 
panel  contribute  to  the  advantages  of  these  devices. 

Disadvantages  of  light  emitting  diodes  include  a  serious  heat  dissipation  problem,  the  fact 
that  the  light  is  principally  red  and  their  efficiency . in  other  colours  is  diminished,  and  the  overall 
high  cost  and  complexity  of  any  significant  display  area. 

A  liquid  crystal  display,  uses  materials  that  have  the  physical  properties  of  liquids,  but 
change  their  optical  properties  (light  reflection)  when  they  are  subjected  to  various  stimuli  such  as 
heat,  a  magnetic  field,  pressure,  ultraviolet  light  and  an  electric  field.  Three  different  phases  exist 
which  are  termed:  nematic ,  smectic  and  cholesteric.  The  nematic  phase  is  the  one  used  in  mult  displays. 

The  crystal  is  placed  in  front  of  a  mirror  to  achieve  a  pseudo-reflective  system  and  since  the  effect 
of  the  application  of  voltage  across  the  electrodes  is  to  vary  the  transmission,  the  contrast  of  the 
display  is  independent  of  the  ambient  light  level  (the  brighter  the  light,  the  brighter  the  display). 

The  visible  pattern  is  detesnined  by  the  physical  configuration  of  the  electrodes.  It  appears  possible 
to  drive  a  liquid  crystal  display  directly  from  the  computer-logic  Decause  very  little  power  is  involved 
and  it  has  attractions  because  of  its  storage  potential.  This  facility  might  prove  most  useful  in  air¬ 
craft  warning  displays.  However,  there  are  problems  with  temperature  stability,  method  of  addressing 
(particularly  in  the  TV  case),  life  and  a  response  time  thac  is  too  slow  for  rapidly  changing  displays. 

In  the  plasma  display  use  is  made  of  the  self-luminous  effect  of  a  gas-discharge.  The  visible 
glow  assumes  the  shape  of  the  electrode  and  can  in  principle  have  any  form.  Two  formats  are  used:  t..~ 
fixed  format  in  which  the  elements  are  shaped  to  form  a  spocial  image  (such  as  a  part  of  a  number)  ana 
the  flexible  Fomat  which  forms  a  matrix  type  display.  This  technique  also  has  the  attraction  of  inherent 
storage  capability. 

It  has  boon  shown  that  AC  and  DC  driven  fixed-format  displays  arc  possible,  of  which  the  DC 
system  in  considerably  advanced  in  development.  For  matrix-type  displays  only  AC  systems  appear  to  be 
useful.  There  are  problems  in  the  field  of  manufacturing  tolerances,  life  time  and  writing  reliability 
and  in  addition  to  being  expensive  and  requiring  a  largo  number  of  driving  linos,  this  technique  suffer* 
from  gradual  darkening  caused  by  electrode  bombardment.  Using  external  electrodes  can  overcome  this  problem 
but  raises  others.  The  idea  is  promising,  however,  and  deserves  encouragement. 

Elcctroluminescant  (EL)  displays  use  a  phosphor,  such  as  zinc  sulphide,  which  is  activated 
by  an  AC  voltage .  The  phosphor  is  deposited  betvben  two  conductors  one  of  which  has  to  be  transparent. 
Activation  can  be  achieved  by  using  a  crossed  grid  in  which  each  point  is  specified  by  activating  the 
appropriate  lines  rai  two  co-ordinate  axes.  Power  consumption  is  lo«  Several  disadvantages  such  as  a  lack 
of  adequate  contrast,  poor  resolution  and  a  short  service  time  preclude  the  use  of  large  EL  displays  in  tbs 
cockpit.  Applications  for  annunciators  snd  other  ssull-scale  displays  are  possible,  however. 

Tvo  main  types  of  laser  displays  an*  bsing  developed  -  th*  scanning  laser  and  the  holograph. 
Scanning  laser  displays  are  still  very  much  in  the  research  stage,  but  they  have  potentials  fee  a  sub¬ 
stantial  Improvement  over  CRT's  especially  in  brightness  and  contrast .  Color-scanning  lasers  are  possible 
in  principle. 

Holography  is  a  new  scirr.ee,  which  looks  vary  promising.  It  Is  possible  to  display  any  type 
of  three-dimensional  picture  and,  for  this  reason,  this  display -technique  might  be  very  useful  for  landing 
in  IKC.  A  few  types  of  special  purpose  holographic  displays  are  at  the  laboratory  stage,  but  problem  such 
a#  high  power  corausption  have  to  bo  overcome  before  this  technique  can  be  considered  practicable  for  air¬ 
borne  use . 

In  sunsaary,  it  can  be  conduced  that  there  are  rany  and  various  lines  of  research  and  develop¬ 
ment  which  can  bo  exploited  for  advanced  vypes  of  V/STOL  displays.  The  fact  that  they  are  not  being  de¬ 
veloped  exclusively  f.T  V/STOL  aircraft  us?  is  iwtsatarial  since  the  Working  Gi-oup  ha*  found  little  difference 
between  the  demands  for  advanced  display  technology  in  V/STOL  and  CTOL  aircraft. 

9.  COKCLUSICHS 

To  exploit  effectively  the  inherent  capabilities  of  V/STOL  aircraft,  instrument  approaches  to 
larding  in  confined  areas  must  be  possible,  the  deliberations  of  the  Working  Ooup  have  indicated  that 
technology  exiats  to  present  the  pilot  with  alrx>jt  any  information,  but  displays  oirrently  in  use,  however 
sophisticated,  do  not  allow  the  pilot  to  aceorpliah  this  task,  (tow  best  to  do  this  and  with  whit  mixture 
of  manual  and  automatic  control  is  not  entirely  clear,  but  this  report  has  attenpted  to  focua  attention 
on  various  aspects  of  the  problem,  to  review  the  current  situation  and  to  outline  future  possibilities . 

Froo  a  study  of  the  effort  being  devoted  to  developing  displays  and  fro®  discussions  with 
pilots  ard  engineers  within  various  RATO  countries  the  general  conclusions  reached  by  this  working  Group 
are : 
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1.  Restriction  of  V/STOL  approach  profiles  to  long  straight  segments  will  be  expensive  in  fuel  and  tac¬ 
tically  inelegant.  In  order  to  enable  the  pilot  to  accomplish  more  flexible  approaches  he  must  be  pro¬ 
vided  with  information  in  addition  to  that  normally  presented  in  conventional  aircraft.  With  the  in¬ 
creased  number  of  parameters  requiring  pilot  attention  the  potential  gains  in  both  performance  and 
safety  from  presenting  the  information  in  the  cleanest  and  simplest  fashion  are  ouch  greater  in  the 
V/STOL  case. 

2.  Automatic  stability  augmentation  is  certainly  within  the  state  of  the  art  and  should  be  used,  proser¬ 
ving  pilot  attention  for  those  tasks  which  can  be  automated  less  efficiently. 

3.  Ccmplete  automation  of  flight  control  in  V/STOL  aircraft  is  considered  to  be  in  an  exploratory  state 
and  not  to  be  optimum  with  respect  to  cost-effectiveness  due  to  limi-cations  of  technology  (navigation 
aids  and  aircraft  control),  to  payload  considerations  and  to  the  restrictions  of  the  operational  en¬ 
vironment  . 

4.  Even  with  the  foreseeable  advances  in  guidance,  control  and  display  it  is  not  likely  that  V/STOL  instru- 
mnt  approaches  to  touch-down  will  be  practicable  in  the  near  future. 

5.  Even  though  the  utilization  of  director  displays  can  improve  the  performance  of  a  pilot  in  specific  con¬ 
trol  tasks  his  confidence  can  be  underlined  if  adequate  situation  information  is  not  provided  as  well. 

6.  The  mass  of  information  to  be  absorbed  by  the  pilot,  usually  in  different  axes,  poses  peculiar  problems 
in  the  integration  of  information  and  implies  the  use  of  combined  displays.  There  is  evidence  to  indi¬ 
cate  that  1 1  is  possible  to 'combine  both  a  horizontal  and  a  vertical  display  in  one  format.  The  most 
difficult  element  to  incorporate  in  such  displays  appears  to  be  height  information. 

7.  Due  to  their  limited  versatility .conventional  electro-mechanical  instruments  do  not  have  suitable 
characteristics  for  the  V/STOL  approach  and  landing  case.  Existing  electronic  displays  and  the  ad¬ 
vanced  techniques  being  tested  in  laboratories  and  simulators  hold  more  promise. 

8.  Techniques  of  engineering  displays  for  conventional  flight  appear  adequate  to  present  the  information 
required  for  V/STOL  approaches  and  no  special  development  appears  to  be  required. 

9.  To  ensure  that  guidance  systems  procured  are  adequate  for  future  needs,  more  relevant  operational  re¬ 
quirements  should  bo  developed. 

10.  IXie  to  the  deployment  of  V/STOL  aircraft  to  dispersed  areas  their  avionics  equipment  mist  possess  a 
higher  reliability  than  is  the  case  for  such  equipment  in  conventional  aircraft  operating  from  main 
bases.  Consequently,  the  design  should  be  as  simple  as  possible  while  still  providing  the  essential 
functions.  The  tendency  to  devise  elegant  and  sophisticated  displays  simply  because  the  technology 
exists  must  be  resisted. 

11.  Whether  the  information  is  presented  head -up  or  head-down  is  not  a  matter  of  principle  in  the  V/STOL 
case.  It  is  strongly  dependent  on  other  circumstances  such  as  the  existence  or  not  of  a  heed-up  dis¬ 
play  for  other  mission  purposes, 

12.  Apparently  very  dissimilar  displays  can  be  shovn  to  contain  very  similar  information  and  it  is  pro¬ 
bable  that  the  details  cf  symbol  geometry,  for  example,  have  a  secondary  effect  only.  It  is  mare  im¬ 
portant  to  get  the  intrinsic  information  correct  than  to  follow  slavishly  any  given  presentation  for¬ 
mat  . 

10.  RECOKXENPATIOSS  FOR  rVTURE  RESEARCH  AND  !5i\ TLORKENT 

The  group  members ,  after  extensive  discussions  among  themselves  and  consultations  with  tech¬ 
nical  experts  and  test  pilots,  make  a  strong  plea  for  the  development  of  displays  which  tako  advantage 
of  the  full  flexibility  of  V/STOL.  This  Working  Group  has  not  attempted  to  specify  the  detailed  patterns 
of  displays,  but,  rather,  has  offered  guidelines  with  regard  to  the  detailed  information  content  and  the 
reader  should  here  refer  to  Chapter  3  in  extenso.  Host  current  V/STOL  displays  have  been  empirically  de¬ 
signed  with  inadequate  regard  to  the  underlying  principles,  ft  is  hoped  that  this  report  will  help  to 
rectify  this  position.  Nevertheless,  the  Working  Group  feels  that  there  are  many  problems  outstanding, 
and  reco«»end*  the  following  items  of  work  for  serious  consideration : 

1.  further  studies  centered  around  the  probable  cptisus  mixture  of  displays  and  automatic  control  should 
be  carried  out  to  improve  the  knowledge  of  cost-effectiveness  in  this  area. 

1'.  The  necessary  interaction  of  operational  experience  and  new  display  design  appears  to  exist  by  chance 
at  present.  Appropriate  steps  should  be  taken  to  Isprove  this  interchange  of  information,  particular¬ 
ly  in  view  of  the  rapid  growth  of  technology  in  this  area. 

3.  A  better  appreciation  is  :.ox'<*d  of  the  amount  of  effort  and  attention  a  pilot  devotes  to  the  stabili¬ 
sation  of  a  V/STOL  aircraft. 

w.  Huiti-axis  mathematical  aodeli  of  pilots  are  reeded  -pecially  for  low  frequencies  covering  the  rag  loo 
of  interest  for  manoeuvring  flight,  notions  of  higher  frequency  are  more  efficiently  compensated  by  an 
automatic  etabilisat ion  system. 

S.  Research  is  needed  to  study  how  pilots  are  able  to  cope  ulth  the  changing  effects  of  various  controls 
throughout  transition  and  to  investigate  whether  more  radical  control  designs  (eg  separate  translatio¬ 
nal  control  for  each  of  the  three  axes)  are  justified.  And  in  turn,  there  should  be  a  closer  integra¬ 
tion  of  the  deslg-  of  both  control-  and  displays. 


6.  The  range  of  possible  approach  profiles  (eg  minimum  fuel  .minimum  tima,  maximum  descent  rate,  etc)  for 
specific  aircraft  should  be  examined  in  detail  before  displays  are  deaigned  for  such  aircraft  in  order 
to  establish  limiting  conditions. 

7.  Approach  and  landing  under  high  crosswinds  poses  particular  problems  for  V/STOL  aircraft.  Theoretical 
and  flight  investigations  in  this  area  should  be  carried  out  as  soon  as  possible. 

8.  Techniques  of  using  curved  approaches  (both  in  plan  and  elevation),  which  could  be  useful  for  obstacle 
clearance  and  in  many  operational  situations,  should  be  investigated. 

8.  The  determination  of  accuracy  and  range  requirements  for  a  tactical  aid  should  be  established  bearing 
in  mind  the  flexibility  of  V/STOL  aircraft  and  the  possibilities  of  novel  displays . 

10.  Sensors  working  with  adequate  precision  in  the  regime  of  low  speed  flight  are  needed. 

11.  Soma  technique  ifl  needed  of  establishing  maximum  available  thrust  immediately  before  final  descent 
without  disturbing  the  existing  flight  path.  Where  multi-engines  are  involved  this  recommendation 
may  be  especially  difficult  to  satisfy  and  special  techniques  of  measuring  and  displaying  engine 
health  will  bo  needed. 

17.  The  generally  accepted  environment  of  10^  lx  ambient  brightness  poses  considerable  difficulties 
for  ncn-mschanical  displays.  Trials  and  analysis  should  be  carried  out  to  determine  how  relevant 
is  this  particular  requirement . 

13.  Human  factor  research  should  explore  the  limitations  of  numeric  displays  under  high  wor.tload  environ¬ 
ments.  In  particular  soma  assessment  should  be  made  of  the  number  of  numeric  indicators  which  can  be 
managed  concurrently,  and  of  whether  indicator  changeover  and  hold  characteristics  are  power ful  para¬ 
meters  . 

14.  The  display  of  height  information  is  particularly  difficult  in  combined  displays  and  special  attention 
should  be  given  to  this  problem  by  the  display  engineers. 

15.  Should  HUD  turn  out  to  be  the  elective  display,  some  riga"ous  assessment  is  needed  of  f ield-of-viaw 
requirements . 


■-v.  >.jj 
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Indicator 

Display 

Driving  Functions 

No. 

Name 

Element 

Situation 

Guidance 

Artificial  Horizon  Bar 

Fitch  and  Roll 
Attitude 

1 

Vertical 

Situation 

Horisontal  Pointer 

Pitch  Angle  far  Airspeed 
Control 

Indicator 

Moving  Tab 

Slope  Deviation 

Cursor 

Side  Force 

2 

Having  Hap 

Instrument 

Complete  Hap 

Heading  w.r.t. 

Course  to  Landing 
Site 

Lateral  Daviation  from 
Landing  Site,  Range  to 
Landing  Site 

3 

Airspeed  Indicator 

Cursor 

Airspeed 

4 

Vertical  Speed 
Indicator 

Uirscr 

Vertical  Speed 

5 

Alviueter 

(fine) 

Vertical  Scale 

Triangle 

SO  ft  Break-out 
Height 

Altitude  relative 
to  Landing  Site 

6 

Altimeter 

(Coarse) 

Vertical  Scale 

Altitudo  relative  to 
Lending  Site 

7 

Torqueseter 

Dial 

Applied  Rotor  Torque 

Teat  Program  :  Helicopter  simulated  IFFt  landing  approaches  at  6°  glide  slopes  by  3  research 
taat  pilots. 

Kain  Conclusion  :  Having  sap  instrusants  are  eaey  to  interpret,  scaling  changes  are  necessary, 
moving  sap  and  altimeter  are  insufficient  for  hovering. 


rig  ■  5 :  NASA  Koving  K*p  Irvatrument  Display  (from  Ref.  12) 


FIs.  7:  NASA  Cont«ct  An*log  Di*p!*y  ( fro®  R»f.  17) 


Display  Elsucct 


driving  FuECtioos 


DIRECTION 

OF 

APPROACH 


? 


«-  W  OUpU,, 


Display  Elaaent 

Driving  Eupctions  j 

No. 

Rasa 

Situation 

Guidance 

1 

Horizon  and 
"Sky" 

Pitch  and  Roll 

Attitude 

2 

Pitch  Scale  and 
Reference 

Pitch  Attitude 

3 

Helicop*er  Sytsbol 

Lateral  Deviation  froa 
desired  night  Path,  Head¬ 
ing  Deviation 

4 

Vectcr 

Velocity  Error 

5 

Turn  Indicator 

Rato  of  Turn 

6 

Ball 

Side  Pore a 

7 

Ground  Praxis  ity 
Line 

Altitude  above 

Ending  Site 

s 

Circle 

J  “  ’ 

Collective  Stick 

Position  Error 

9 

Diwtead 

Vertical  Deviation  fix** 
desired  night  Path 

10 

Touch-dovn  Line 

Rang*  to  U&mllAg  Sit* 

Vertical  Devlaticr  i'Tco 
desired  Plight  Path 

R«fei'*ae#  Lin«* 

Datusr  lines  for  element* 

3,  0  and  10 

Test  Pfograa  :  Simulator  tests  planned  for  the  future. 

Klin  Conclusion*  :  Integration  of  all  necessary  flight  infonsatioo 
into  cm*  (ingle  display  tuts  been  achieved. 


tig.  10:  Prlacetoc  University  Integrated  Helicopter  Display  (fro«  Ref.  20) 


Display  Eleaent 

Driving  functions 

No. 

Hi** 

Situation 

Guidance 

1 

h'oriton  and 

Pitch  Bara 

Pitch  and  Roll 
Attitude 

2 

Digits 

Heading 

3 

Having  Tap* 

Quasi  Angle  of 

Attack 

4  1  Cursor 

Vert .  Speed 

3 

Digits  and  Cursor 

Selected  Airspeed 

Airspeed  IP.  ror 

6 

digits 

Altitude 

7 

Circle 

Side  Tore® 

Ti*t  Progivo  :  In  use  for  Harrier. 

Atain  CocclusltxN  :  Satisfactory  for  VHC  only,  dua  to  a  lack  of 
guidance  Inform t  ion  . 


fig.  U1 :  Salt hr  Mead-up  Display  for  the  Harrier  aircraft  ‘  frai  Re 


Display  Element 


Driving  Functions 


Display  Element 


Driving  Functions 

ion  Guidance 


No. 

Name 

Situation 

1 

Kind  Symbol 

Sind  Direction 

2 

1  banding  Pad 

3 

Digits 

Radio  Altitude 

4 

'  Dotted  Line 

5 

Circle, 

Rate  6f  Descent 

6 

Line 

7 

Digits 

Distance  to  go 

8 

Circle 

Side  Force 

9 

Compass  rose 

Heading 

10 

Moving  Tape 

Apgle  of  Attack  ■ 

11 

. 

Digits 

' 

Airspeed  or  Ground- 
speed 

12 

Velocity  Vector 

Speed  Error 

Rel.  Position  of 
landing  Site _ 

Raq.  Appr.  Direction 

Req.  Rate  oif  Descent 


Test  Program  :  Not  available. 
Main  Conclusion  :  Not  available. 


Fig.  15;  A  possible  combined' transition  display  (RAE  proposal) 
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Alrspead  deviation 
(or  ground  speed) 


Pig*  16:  Display  with  predominantly  numerical  indications  (from  Ref.  16) 


i 

Flight-director  commands 
(Slops  and  course) 
Height  deviation 1 
,.  (or  slope  deviation) 


i}0 

lilS 

E{$\'iVV  4 


Fig.  17;  Display  with  contact  analog  representation  (from  Ref. .  16) 
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Slope  deviation^ 


'  ■iniSi 


Roil 

Pitcp, 

1  Hiding 
>  Course  deviation 
Range 
Height 

.Ground  speed 


rig.  18:  Display  with  contact  analog  representation  (fro<n  Ref.  16) 


Display  Element 


Driving  Functions 


No. 

Naas 

Situation 

Guidance 

1 

Velocity  Vector  Symbol 

Flight  Path  Angle 

Heading  Error 

2 

Airspaed  Error 
Indicator 

Airspeed  Error 

3 

Hcriion  Line 

Pitch  and  Roll 

4 

Pole  Track  & 

Aiming  Dot 

Altitude  Error 

5 

Reference  Height 

Pole 

Altitude 

Test  Program  :  N. A, 
Main  Conclursion  t  N. A, 


(as  regards  V/STOL) . 
(as  regards  V/STOL). 


Fig.  19;  SAAB  Head~up  Display  (free  Ref.  24) 
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